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and  thickens  towards  Pasadena.  The  detailed  nature  of  the  transition  zone  at  the  base  of  the 
crust  controls  the  early  arriving  shorter  periods  (strong  motions),  while  the  edge  of  the  basin 
controls  the  scattered  longer-period  surface  waves.  From  the  waveform  characteristics 
alone,  one  can  easily  distinguish  shallow  events  in  the  basin  from  deep  events  as  well  as  the 
amount  of  strike-slip  versus  dip-slip  motions.  Those  events  rupturing  the  sediments,  such  as 
the  1979  Imperial  Valley  earthquake,  can  be  recognized  easily  by  a  late  arriving  scattered  Love 
waviTWllCI  i  ■has-been  delayed  by  the  very  slow  path  across  the  shallow  valley  structure. 

in  section  2-*the  effect  of  transition  regions  between  continental  and  oceanic  structure  on 
die  propagation  of  waves  from  continental  sources  is  examined.  In  particular,  the 
attenuation  due  to  variations  in  layer  thickness  in  such  transition  regions  is  calculated  and 
explained  for  a  suite  of  simple  models.  The  measured  attenuation,  due  to  the  geometry  of  the 
transition  regions  between  the  oceanic/  and  continental  structures  within  a  partially  oceanic  * 

path  with  source  and  receiver  in  a  continental  structure,  is  at  most  a  factor  of  four  for 
frequencies  from  0.01  to  I  Hz.  This  is  inadequate  to  explain  the  observed  extinction  of  Lg  along 
such  paths.  This  extinction  has  previously  been  attributed  to  the  effects  of  the  transition 
region  geometry.  The  method  used  to  calculate  the  results  presented  in  this  study  is  developed 
and  its  validity  and  accuracy  ard  demonstrated.  Propagator  matrix  seismograms  are  coupled 
into  a  Finite  Element  calculation  to  produce  hybrid  teleseismic  SH  mode  sum  seismograms. 

These  hybrid  synthetics  can  be  determined  for  paths  including  any  regional  transition  zone  or 
other  heterogeneity  that  exjsts  as  part  of  a  longer,  mostly  plane-layered,  path.  Numerical 
results  presented  for  a  suite  of  transition  models  show  distinct  trends  in  each  of  the  regions 
through  which  the  wavefield  passes.  The  wavefield  passes  through  a  continent-ocean  transition 
regions,  then  a  region  of  oceanic  structure,  and  finally  through  an  ocean-continent  transition 
region.  When  an  Lg  wavefront  passes  through  a  continent-ocean  transition,  the  amplitude  and 
coda  duration  of  the  Lg  wave  at  the  surface  both  increase.  At  the  same  time,  much  of  the 
modal  Lg  energy  previously  trapped  in  the  continental  crust  is  able  to  escape  form  the  lower 
crust  into  the  subcrustal  layers  as  body  waves.  The  magnitude  of  both  these  effects  increases 
as  the  length  of  the  transition  region  increases.  When  the  wavefront  passes  through  the  region 
of  oceanic  structure  further  energy  escapes  from  the  crustal  layer,  and  produces  a  decrease  in 
Lg  amplitude  at  the  surface.  The  rate  of  amplitude  decrease  is  maximum  near  the  transition 
region  and  decreases  with  distance  from  It.  When  the  wavefield  passes  through  the  ocean- 
continent  transition  region  a  rapid  decrease  in  the  Lg  amplitude  at  the  surface  of  the  crust 
results.  The  energy  previously  trapped  in  the  oceanic  crustal  layer  spreads  throughout  the 
thickening  crustil  layer.  Some  of  the  body  wave  phases  produced  when  the  wavefield  passes 
through  the  continent-ocean  transition  region  are  incident  on  the  continental  crust  in  the  ocean- 
continent  transition  region.  These  waves  are  predominantly  transmitted  back  into  the  crust. 

The  other  body  wave  phases  reach  depths  below  the  depth  of  the  base  of  the  continental  crust 
before  reaching  the  ocean-continent  transition  and,  thus,  escape  from  the  system. 

In  section  3;  methods  for  representation  theorem  coupling  of  Finite-element  or  finite 
difference  calculations  and  propagator  matrix  method  calculations  are  developed.  The  validity 
and  accuracy  of  the  resulting  hybrid  method  are  demonstrated.  The  resulting  hybrid  technique 
can  be  used  to  study  the  propagation  of  any  phase  that  can  be  represented  in  terms  of  an  SH 
mode  sum  seismogram,  across  regional  transition  zones  or  other  heterogeneities.  These 
heterogeneities  may  exist  in  regions  which  form  subsegments  of  a  longer,  mostly\  plane¬ 
layered.  path.  Examples  of  structures  of  Interest  through  which  such  waves  can  os  propagated  * 

using  these  techniques  include,  regions  of  crustal  thickening  or  thinning  such  as  continent-ocean 
transitions  or  basins,  anomalous  bodies  of  any  shape  located  In  the  path,  and  sudden  transitions 
from  one  layered  structure  to  another.  Examples  of  the  types  of  phase  that  may  be  propagated 
through  these  structures  include  Love  waves,  Lg,  Sn,  and  Sa. 
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In  section  4,  we  present  techniques  for  modeling  explosions  realistically  using  two- 
dimensional  methods  in  three-dimensional  earth  models.  Although  seismic  structures  are 
generally  three-dimensional(3-D),  numerical  simulation  of  wave  propagation  through  laterally 
heterogeneous  media  is  conceptually  simpler  and  less  computationally  intensive  in  two 
dimensions(2-D).  Source  expressions  for  2-D  that  have  the  same  radiation  patterns  as  their  3- 
D  counterparts  have  been  derived  which  can  also  correct  for  the  differences  between  2-D  and 
3-D  wave  propagation  (Vidale  and  Helmberger,  1986;  Stead  and  Helmberger,  1988;  Helmberger 
and  Vidale,  1988).  Because  that  technique  approximately  transforms  waves  from  a  cartesian 
2-D  grid  to  a  cylindrical^  symmetric  3-D  world,  slightly  anisotropic  geometrical  spreading  in 
2-D  better  approximates  isotropic  spreading  in  3-D  than  simple  isotropic  spreading  in  2-D  does. 
This  paper  describes  a  correction  to  the  explosive  source  expression  which  reduces  energy 
traveling  vertically  out  of  the  source  region,  but  leaves  unchanged  the  energy  traveling 
laterally  out  of  the  source  region.  We  show  that  this  correction  will  significantly  improve  the 
results  of  using  a  2-D  grid  to  simulate  elastic  wave  propagation  from  an  explosive  point  source. 

The  effect  of  shallow  station  structure  and  lateral  velocity  variation  are  investigated  for 
records  of  the  Amchitka  blasts  MILROW  and  CANNIKIN.  The  differences  between  the  Meuller- 
Murphy,  Helmberger-Hadley,  and  von  Seggern-Blandford  reduced  displacement  potential  (RDP) 
source  representations  are  smaller  than  the  differences  produced  by  various  possible  velocity 
structures.  Using  a  model  based  on  known  structure,  a  better  fit  is  obtained  for  the  records  of 
MILROW,  primarily  for  the  surface  waves.  In  addition,  a  technique  is  developed  to  include 
possible  source  asphericity.  Using  this  technique,  the  Amchitka  blasts,  especially  CANNIKIN, 
show  evidence  of  significant  aspherical  cavity  formation. 

In  section  5 .  we  present  expressions  and  synthetics  for  Rayleigh  and  Love  waves 
generated  by  various  tectonic  release  models  are  presented.  The  multipole  formulas  are  given 
in  terms  of  the  strengths  and  time  functions  of  the  source  potentials.  This  form  of  the  Rayleigh 
and  Love  wave  expressions  is  convenient  for  separating  the  contribution  to  the  Rayleigh  wave 
due  to  the  compressional  and  shear  wave  source  radiation  and  the  contribution  of  the  upgoing 
and  downgoing  source  radiation  for  both  Rayleigh  and  Love  waves.  Because  of  the  ease  of  using 
different  compression  and  shear  wave  source  time  functions,  these  formula  are  especially 
suited  for  sources  for  which  second  and  higher  degree  moment  tensors  are  needed  to  describe 
the  source,  such  as  the  initial  value  cavity  release  problem. 

A  frequently  used  model  of  tectonic  release  is  a  double  couple  superimposed  on  an 
explosion.  One  of  the  purposes  of  this  research  is  to  compare  synthetics  of  this  and  more 
realistic  models  in  order  to  determine  for  what  dimensions  of  the  release  model  this  assumption 
is  valid  and  whether  the  Rayleigh  wave  is  most  sensitive  to  the  compressional  or  shear  wave 
source  history.  The  pure  shear  cavity  release  model  is  a  double  couple  with  separate  P-wave 
and  S-wave  source  histories.  The  time  scales  are  proportional  to  the  source  region’s  dimension 
and  differ  by  their  respective  body  wave  velocities.  Thus,  a  convenient  way  to  model  the 
effect  of  differing  shot  point  velocities  and  source  dimensions  is  to  run  a  suite  of  double  couple 
time  history  calculations  for  the  P-wave  and  S-wave  sources  separately  and  .hen  summing  the 
different  combinations. 

One  of  the  more  interesting  results  from  this  analysis  is  that  the  well  known  effect  of 
vanishing  Rayleigh  wave  amplitude  as  a  vertical  or  horizontal  dip-slip  double  couple  model 
approaches  the  free  surface  is  due  to  the  destructive  interference  between  the  P-wave  and  SV- 
wave  generated  Rayleigh  waves.  The  individual  Rayleigh  wave  amplitudes,  unlike  the  SH- 
generated  Love  waves,  are  comparable  in  size  to  those  from  other  double  couple  orientations. 
This  has  important  implications  to  the  modeling  of  Rayleigh  waves  from  shallow  dip-slip  fault 
models.  Also,  the  P-wave  radiation  from  double  couple  sources  is  a  more  efficient  generator  of 
Rayleigh  waves  than  the  associated  SV  wave  or  the  P-wave  from  explosions.  The  latter  is 
probably  due  to  the  vertical  radiation  pattern  or  amplitude  variation  over  the  wave  front.  This 
effect  should  be  similar  to  that  of  wave  front  curvature. 
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Summary 


The  research  performed  under  the  contract,  during  the  period  17  March  1987 
through  31  May  1989,  can  be  divided  into  three  main  topics;  modeling  regional  SH 
waves  that  propagate  across  lateral  variations  in  structure,  modeling  explosions  using 
2-0  numerical  methods,  and  the  effect  of  differing  P  and  SV  source  time  histories  on  the 
generation  of  Rayleigh  and  Love  waves. 

In  section  I ,  intermediate-period  seismograms  recorded  at  Pasadena  of  earthquakes 
occurring  along  a  profile  to  Imperial  Valley  are  studied  in  terms  of  source  phenomena 
versus  path  effects.  Some  of  the  events  have  known  source  parameters,  determined  by 
teleseismic  or  near-field  studies,  and  are  used  as  master  events  in  a  forward  modeling 
exercise  to  derive  the  Green's  functions  (displacements  at  Pasadena  due  to  a  pure  strike- 
slip  or  dip-slip  mechanism)  that  describe  the  propagation  effects  along  the  profile. 

Both  timing  and  waveforms  of  records  are  matched  by  synthetics  calculated  from  two- 
dimensional  velocity  models.  The  best  two-dimensional  section  begins  at  Imperial  Valley 
with  a  thin  crust  containing  the  basin  structure  and  thickens  towards  Pasadena.  The 
detailed  nature  of  the  transition  zone  at  the  base  of  the  crust  controls  the  early  arriving 
shorter  periods  (strong  motions),  while  the  edge  of  the  basin  controls  the  scattered 
longer-period  surface  waves.  From  the  waveform  characteristics  alone,  one  can  easily 
distinguish  shallow  events  in  the  basin  from  deep  events  as  well  as  the  amount  of  strike- 
slip  versus  dip-slip  motions.  Those  events  rupturing  the  sediments,  such  as  the  1979 
Imperial  Valley  earthquake,  can  be  recognized  easily  by  a  late  arriving  scattered  Love 
wave  which  has  been  delayed  by  the  very  slow  path  across  the  shallow  valley  structure. 

In  section  2  ,  the  effect  of  transition  regions  between  continental  and  oceanic 
structure  on  the  propagation  of  Lg  waves  from  continental  sources  is  examined.  In 
particular,  the  attenuation  due  to  variations  in  layer  thickness  in  such  transition 
regions  is  calculated  and  explained  for  a  suite  of  simple  models.  The  measured 
attenuation,  due  to  the  geometry  of  the  transition  regions  between  the  oceanic  and 
continental  structures  within  a  partially  oceanic  path  with  source  and  receiver  in  a 
continental  structure,  is  at  most  a  factor  of  four  for  frequencies  from  0.01  to  I  Hz.  This 
is  inadequate  to  explain  the  observed  extinction  of  Lg  along  such  paths.  This  extinction 
has  previously  been  attributed  to  the  effects  of  the  transition  region  geometry.  The 
method  used  to  calculate  the  results  presented  in  this  study  Is  developed  and  its  validity 
and  accuracy  are  demonstrated.  Propagator  matrix  seismograms  are  coupled  Into  a 


VI 


Finite  Element  calculation  to  produce  hybrid  teleseismic  SH  mode  sum  seismograms. 
These  hybrid  synthetics  can  be  determined  for  paths  including  any  regional  transition 
zone  or  other  heterogeneity  that  exists  as  part  of  a  longer,  mostly  plane-layered,  path. 
Numerical  results  presented  for  a  suite  of  transition  models  show  distinct  trends  in  each 
of  the  regions  through  which  the  wavefieid  passes.  The  wavefieid  passes  through  a 
continent-ocean  transition  regions,  then  a  region  of  oceanic  structure,  and  finally 
through  an  ocean-continent  transition  region.  When  an  Lg  wavefront  passes  through  a 
continent-ocean  transition,  the  amplitude  and  coda  duration  of  the  Lg  wave  at  the 
surface  both  increase.  At  the  same  time,  much  of  the  modal  Lg  energy  previously 
trapped  in  the  continental  crust  is  able  to  escape  form  the  lower  crust  into  the 
subcrustal  layers  as  body  waves.  The  magnitude  of  both  these  effects  increases  as  the 
length  of  the  transition  region  increases.  When  the  wavefront  passes  through  the  region 
of  oceanic  structure  further  energy  escapes  from  the  crustal  layer,  and  produces  a 
decrease  in  Lg  amplitude  at  the  surface.  The  rate  of  amplitude  decrease  is  maximum  near 
the  transition  region  and  decreases  with  distance  from  it.  When  the  wavefieid  passes 
through  the  ocean-continent  transition  region  a  rapid  decrease  in  the  Lg  amplitude  at  the 
surface  of  the  crust  results.  The  energy  previously  trapped  in  the  oceanic  crustal  layer 
spreads  throughout  the  thickening  crustal  layer.  Some  of  the  body  wave  phases  produced 
when  the  wavefieid  passes  through  the  continent-ocean  transition  region  are  incident  on 
the  continental  crust  in  the  ocean-continent  transition  region.  These  waves  are 
predominantly  transmitted  back  into  the  crust.  The  other  body  wave  phases  reach  depths 
below  the  depth  of  the  base  of  the  continental  crust  before  reaching  the  ocean-continent 
transition  and,  thus,  escape  from  the  system. 

In  section  3  ,  methods  for  representation  theorem  coupling  of  finite-element  or 
finite  difference  calculations  and  propagator  matrix  method  calculations  are  developed. 
The  validity  and  accuracy  of  the  resulting  hybrid  method  are  demonstrated.  The 
resulting  hybrid  technique  can  be  used  to  study  the  propagation  of  any  phase  that  can  be 
represented  in  terms  of  an  SH  mode  sum  seismogram,  across  regional  transition  zones  or 
other  heterogeneities.  These  heterogeneities  may  exist  in  regions  which  form 
subsegments  of  a  longer,  mostly  plane-layered,  path.  Examples  of  structures  of  interest 
through  which  such  waves  can  be  propagated  using  these  techniques  include,  regions  of 
crustal  thickening  or  thinning  such  as  continent-ocean  transitions  or  basins,  anomalous 
bodies  of  any  shape  located  in  the  path,  and  sudden  transitions  from  one  layered 
structure  to  another.  Examples  of  the  types  of  phase  that  may  be  propagated  through 
these  structures  include  Love  waves,  Lg,  Sn,  and  Sa. 
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In  section  4,  we  present  techniques  for  modeling  explosions  realistically  using  two- 
dimensional  methods  in  three-dimensional  earth  models.  Although  seismic  structures 
are  generally  three-dimensional(3-D),  numerical  simulation  of  wave  propagation 
through  laterally  heterogeneous  media  is  conceptually  simpler  and  less  computationally 
intensive  in  two  dimensions{2-D).  Source  expressions  for  2-0  that  have  the  same 
radiation  patterns  as  their  3-D  counterparts  have  been  derived  which  can  also  correct 
for  the  differences  between  2-0  and  3-D  wave  propagation  (Vidale  and  Helmberger, 
1986;  Stead  and  Helmberger,  1988;  Helmberger  and  Vidale,  1988).  Because  that 
technique  approximately  transforms  waves  from  a  cartesian  2-D  grid  to  a  cylindricaliy 
symmetric  3-D  world,  slightly  anisotropic  geometrical  spreading  in  2-D  better 
approximates  isotropic  spreading  in  3-D  than  simple  isotropic  spreading  in  2-D  does. 
This  paper  describes  a  correction  to  the  explosive  source  expression  which  reduces 
energy  traveling  vertically  out  of  the  source  region,  but  leaves  unchanged  the  energy 
traveling  laterally  out  of  the  source  region.  We  show  that  this  correction  will 
significantly  improve  the  results  of  using  a  2-D  grid  to  simulate  elastic  wave 
propagation  from  an  explosive  point  source. 

The  effect  of  shallow  station  structure  and  lateral  velocity  variation  are  investigated 
for  records  of  the  Amchitka  blasts  MILROW  and  CANNIKIN.  The  differences  between  the 
Meuller-Murphy,  Helmberger-Hadley,  and  von  Seggern-Blandford  reduced 
displacement  potential  (RDP)  source  representations  are  smaller  than  the  differences 
produced  by  various  possible  velocity  structures.  Using  a  model  based  on  known 
structure,  a  better  fit  is  obtained  for  the  records  of  MILROW,  primarily  for  the  surface 
waves.  In  addition,  a  technique  is  developed  to  include  possible  source  asphericity. 

Using  this  technique,  the  Amchitka  blasts,  especially  CANNIKIN,  show  evidence  of 
significant  aspherical  cavity  formation. 

In  section  5 we  present  expressions  and  synthetics  for  Rayleigh  and  Love  waves 
generated  by  various  tectonic  release  models  are  presented.  The  multipole  formulas  are 
given  in  terms  of  the  strengths  and  time  functions  of  the  source  potentials.  This  form  of 
the  Rayleigh  and  Love  wave  expressions  is  convenient  for  separating  the  contribution  to 
the  Rayleigh  wave  due  to  the  compressional  and  shear  wave  source  radiation  and  the 
contribution  of  the  upgoing  and  downgoing  source  radiation  for  both  Rayleigh  and  Love 
waves.  Because  of  the  ease  of  using  different  compression  and  shear  wave  source  time 
functions,  these  formula  are  especially  suited  for  sources  for  which  second  and  higher 
degree  moment  tensors  are  needed  to  describe  the  source,  such  as  the  initial  value  cavity 
release  problem. 
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A  frequently  used  model  of  tectonic  release  is  a  double  oouple  superimposed  on  an 
explosion.  One  of  the  purposes  of  this  research  is  to  compare  synthetics  of  this  and  more 
realistic  models  in  order  to  determine  for  what  dimensions  of  the  release  model  this 
assumption  is  valid  and  whether  the  Rayleigh  wave  is  most  sensitive  to  the 
compressional  or  shear  wave  source  history.  The  pure  shear  cavity  release  model  is  a 
double  couple  with  separate  P-wave  and  S-wave  source  histories.  The  time  scales  are 
proportional  to  the  source  region's  dimension  and  differ  by  their  respective  body  wave 
velocities.  Thus,  a  convenient  way  to  model  the  effect  of  differing  shot  point  velocities 
and  source  dimensions  is  to  run  a  suite  of  double  couple  time  history  calculations  for  the 
P-wave  and  S-wave  sources  separately  and  then  summing  the  different  combinations. 

One  of  the  more  interesting  results  from  this  analysis  is  that  the  well  known  effect 
of  vanishing  Rayleigh  wave  emplitude  as  a  vertical  or  horizontal  dip-slip  double  couple 
model  approaches  the  free  ajrface  is  due  to  the  destructive  interference  between  the  P- 
wave  and  SV-wave  generated  Rayleigh  waves.  The  individual  Rayleigh  wave  amplitudes, 
unlike  the  SH-generated  Love  waves,  are  comparable  in  size  to  those  from  other  double 
couple  orientations.  This  has  important  implications  to  the  modeling  of  Rayleigh  waves 
from  shallow  dip-slip  fault  models.  Also,  the  P-wave  radiation  from  double  couple 
sources  is  a  more  efficient  generator  of  Rayleigh  waves  than  the  associated  SV  wave  or 
the  P-wave  from  explosions.  The  latter  is  probably  due  to  the  vertical  radiation  pattern 
or  amplitude  variation  over  the  wave  front.  This  effect  should  be  similar  to  that  of  wave 
front  curvature. 
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MODELING  REGIONAL  LOVE  WAVES:  IMPERIAL  VALLEY  TO 

PASADENA 

By  Phyllis  Ho-Liu  and  Donald  V.  Helmberger 
Abstract 

Intermadlate-period  — tomogram*  recorded  at  Pasedens  of  earthquakes  oc- 
curring  along  a  profUa  to  Imparfal  Valley  art  atudiad  In  farm*  of  source  phenomena 
versus  path  affacta.  Soma  of  tha  events  hava  known  aourea  paramatara,  deter¬ 
mined  by  talaaalamlc  or  near-field  studies,  and  ara  uaad  aa  matter  avanta  in  a 
forward  modeling  exerciae  to  derive  tha  Qraan’a  functions  (diapiacamantt  at 
Paeadena  due  to  a  pure  strike-sHp  or  dip-slip  maehaniam)  that  daacribe  the 
propagation  affacta  along  tha  profile.  Both  timing  and  waveforma  of  records  are 
matched  by  aynthetice  calculated  from  two-dimensional  velocity  models.  The 
beat  two-dimen aional  aaction  bagfna  at  imperial  Valley  with  a  thin  crust  containing 
tha  basin  structure  and  thickens  towards  Pasadena.  Tha  detailed  nature  of  the 
bansMon  zona  at  tha  base  of  tha  crust  controls  tha  early  arriving  shorter  periods 
(strong  motions),  while  tha  edge  of  tha  basin  controls  tha  scattered  longer-period 
surface  waves.  Prom  tha  waveform  characteristics  alone,  one  can  easily  distin¬ 
guish  shallow  events  in  tha  basin  from  deep  events  as  wall  as  tha  amount  of 
strike-slip  versus  dip- slip  motions.  Those  events  rupturing  tha  sediments,  such 
as  the  1979  Imperial  Valley  earthquake,  can  be  recognized  easily  by  a  late 
arriving  scattered  Love  wave  which  has  been  delayed  by  the  very  slow  path 
across  the  shadow  valley  structure. 

Introduction 

Recent  broadband  (BB)  observations  of  regional  phases  at  Pasadena,  IPAS 
suggest  that  these  seismic  motions  are  strongly  influenced  by  path  effects  (Fig.  1) 
The  top  two  traces  contain  the  BB  displacements  produced  by  two  San  Migue 
events  rotated  into  tangenital  and  radial  directions.  The  event  on  the  bottom  ii 
roughly  50  times  larger  than  the  upper  foreshock.  The  next  few  sets  of  traces  display 
simulations  of  what  these  motions  would  produce  on  conventional  instruments 
operated  by  the  Seismological  Laboratory  at  various  times.  The  long-period  Wood- 
Anderson  (wa.lp),  operated  during  the  40’s  and  50’s,  produced  the  primary  data  set 
used  in  the  stress-drop  study  by  Thatcher  and  Hanks  (1973). 

The  similarity  of  these  two  events  across  the  various  frequency-bands  is  a  rather 
common  occurrence  (Bent  et  aL,  1989)  and  emphasizes  the  role  of  propagation  in 
regional  phases.  If  we  knew  the  mechanism  of  the  smaller  foreshock,  we  probably 
could  make  some  good  estimates  of  the  faulting  parameters  of  the  main  events  by 
using  the  well-known  empirical  Green’s  function  approach  (Hartzell,  1978).  This 
approach  has  proven  very  useful  in  strong-motion  simulations  of  main  events  from 
their  aftershocks  by  assuming  that  the  aftershock  and  the  main  event  have  the 
same  mechanisms.  The  strength  of  this  procedure  lies  in  eliminating  the  path  effects 
by  they  are  included  in  the  small  event  record  automatically.  The  main 

problem  in  applying  this  method  regionally  is  that  it  is  difficult  to  find  an  aftershock 
or  foreshock  with  the  same  orientation  as  the  main  event  at  the  appropriate  depth 
and  range. 

Generally  we  do  not  know  the  mechanisms  of  many  of  these  moderate  aftershocks 
because  they  are  too  large  for  local  arrays  and  too  small  for  global  networks.  In 
addition,  waveforms  of  different  aftershocks  are  often  so  different,  even  if  they  are 
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Fig.  1.  The  upper  trace  of  each  pair  ia  a  email  foreshock,  M  m  3.2.  The  lower  trace  is  a  Af  «  5.3 
foreshock  at  a  similar  location.  Comparing  the  amplitudes  one  can  see  that  the  larger  event  is  richer  in 
longer  periods  as  expected.  The  wa.Ip  simulation  correspond*  to  instruments  operated  in  the  40's  and 
60’s. 


spatially  close  to  each  other,  that  it  is  not  easy  to  determine  which  aftershock  can 
be  used  as  an  empirical  Green’s  function  to  simulate  the  main  event.  Examples  of 
this  category  of  events  are  the  series  of  aftershocks  of  the  1979  Imperial  Valley 
earthquakes  recorded  on  the  Press-Ewing  (30-90)  of  Pasadena  (Fig.  2).  We  would 
like  to  call  attention  to  the  three  aftershocks  labeled  A,  B,  and  C,  where  motions 
for  all  three  events  are  about  the  same  size  on  the  vertical  (UP)  component  but 
distinctly  different  on  the  horizontals  (EW  and  NS).  Differences  in  waveforms  are 
also  apparent  on  all  three  components.  Since  the  paths  from  the  Imperial  Valley  to 
Pasadena  are  essentially  the  same  for  the  three  events,  we  would  conclude  that  the 
source  characteristics  (depths  and  faulting  parameters  such  as  strike,  dip,  and  rake) 
must  be  different.  As  we  will  discuss  shortly,  event  A  is  probably  a  mid-depth 
normal  dip-slip  event,  whereas  event  B  is  a  shallow  normal  dip-slip  event.  Event  C 
is  a  deep  strike-slip  event. 

In  order  to  study  these  seismograms  in  detail,  we  digitized  and  rotated  the  NS 
and  EW  components  to  obtain  the  tangenital  (SH  waves)  and  vertical-radial  (P- 
SV  waves)  components.  At  these  periods  the  motion  appears  to  be  well  behaved,  in 
that  the  P  waves  are  not  apparent  on  the  tangenital  component.  Particle  motion 
studies  of  the  type  discussed  by  Vidale  (1986)  conducted  on  these  recordings  indicate 
that  the  first  10  sec  of  record  is  consistent  with  P  waves  and  diffracted  SV  waves 
followed  by  Rayleigh  motion.  Similar  analysis  of  filtered  rotated  torsion  records 
indicates  that  separation  of  the  P-SV  and  SH  system  occurs  down  to  periods  of 
about  1  sec  (Fig.  3).  Thus,  it  appears  that  two-dimensional  models  may  prove 
effective  in  removing  the  propagational  distortions  so  that  source  retrieval  is 
possible. 
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Fig.  2.  Three-components  ttilDoptmi  of  the  aftershock  sequence  recorded  on  the  long-period  Press- 
Ewing  30-90  initrument  at  Pasadena.  Note  the  difference  in  waveforms  and  relative  amplitudes  of  the 
three  boxed  aftershocks  A,  B,  and  C  between  components.  The  event  locations  are  given  in  Table  1. 


FIG.  3.  Recording  of  a  ML  -  4.9  aftershock  of  the  Supereition  Hills  earthquake  of  24  November  1987 
along  with  the  various  simulations.  This  event  occurred  near  the  southern  end  of  the  fault  breakage. 
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In  thi6  study,  we  well  derive  a  2-D  model  appropriate  for  a  cross  section  from 
Imperial  Valley  to  Pasadena  using  a  master  event  and  the  forward  modeling 
approach.  The  resulting  Green's  functions  will  then  be  used  to  examine  some  of  the 
more  important  events  located  in  the  map  displayed  in  Figure  4.  Events  occurring 
to  the  northwest  of  the  Imperial  Valley  are  relatively  simple,  while  events  in  the 
basin  are  always  complex,  especially  the  shallot’  ones.  Considering  the  obvious  3-D 
geometry  indicated  in  Figure  4,  it  is  rather  surprising  that  these  records  do  not 
show  more  evidence  of  multi-pathing  and  Love-Rayleigh  mixing.  This  subject  will 
be  addressed  later.  We  consider  primarily  the  long-period  tangenital  motions  in  this 
pilot  study  because  less  computational  effort  is  involved  compared  to  modeling  the 
P-SV  system  recorded  on  the  radial  and  vertical  components. 

Crustal  Cross  Section  and  Green’s  Functions 

Searching  for  suitable  Green’s  functions  by  trial-and-error  testing  can  be  a  time- 
consuming  endeavor  but  the  basic  approach  has  proven  effective  in  previous  studies 
(Vidale  et  al.,  1985;  Helmberger  and  Vidale,  1987).  Two  types  of  codes  were 
employed,  namely  the  generalized  ray  method  (GRT)  for  laterally  varying  layers 
(Helmberger  et  al.,  1985)  and  a  modified  finite-difference  (FD)  technique  (Vidale  et 
al.,  1985).  The  first  method  is  analytical  and  can  be  used  effectively  to  adjust  deeper 
smoothly  varying  structures  for  proper  timing  and  critical  angle  positions.  The 
truncation  of  basins,  however,  requires  the  more  powerful  numerical  approach. 

As  in  all  forward  modeling  attempts,  one  starts  with  the  best  geophysical  data 
available  for  constraining  the  initial  model.  Fortunately,  considerable  studies  have 
been  conducted  in  this  region.  For  the  Imperial  Valley  velocity  profile,  we  used  the 
model  proposed  by  McMechan  and  Mooney  (1980)  and  Fuis  et  al.  (1982).  Just 
outside  the  basin  we  used  the  results  from  Hamilton  (1970),  who  investigated  the 
Borrego  Mountain  aftershocks  with  controlled  calibration  shots.  Hamilton’s  results 
suggest  a  thick  crust-mantle  transition  zone.  At  Pasadena  we  adopted  the  model 
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proposed  by  Hadley  and  Kanamori  (1977,  1979)  with  a  thick  crust  and  relatively 
sharp  Moho  transition.  These  vertical  profiles  were  assembled  by  allowing  for  a 
gentle  dipping  connecting  structure  and  produced  an  initial  cross-section  from 
Imperial  Valley  to  Pasadena. 

An  example  calculation  for  a  deep  event  near  Anza  is  given  in  Figure  5,  which 
shows  the  simplicity  of  the  propagational  path  to  Pasadena  for  hard-rock  sections. 
All  six  events  north  of  Borrego  look  similar  to  the  upper  plot  (Fig.  6)  and  can  be 
explained  by  a  multitude  of  of  models.  However,  note  the  complexity  of  the  bottom 
trace  in  Figure  5,  A  *  85  km  (synthetic),  appropriate  for  a  basin  site.  Features 
produced  by  this  geometry  are  discussed  at  length  by  Vidale  et  al.  (1985).  Thus,  the 
biggest  difficulty  is  modeling  the  edge  of  the  basin  properly  to  explain  the  PAS 
records  of  the  basin  events. 

Synthetic  for  a  basin  event  are  displayed  in  Figure  7  along  with  the  master  event 
(Brawley)  observations,  A  «  256  km.  The  source  parameters  for  thi6  event  were 
determined  earlier  by  Heaton  and  Helmberger  (1978)  and  are  treated  as  known. 


Fig  6.  Profile  of  Green's  function*  with  the  eource  outside  the  be* in,  email  eolid  box  beneath  Anza. 
Little  waveform  distortion  is  observed  alone  the  path  toward*  Pasadena  (upper  four  traces)  while  very 
complicated  waveform*  develop  rapidly  in  the  basin  (lower  two  traces),  indicating  the  important  effect 
of  the  basin  edge  on  wave  propagation  along  this  profile. 
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This  assumption  allows  us  to  perturb  the  various  model  parameters  to  improve 
agreement  in  waveform  and  absolute  timing.  Goodness-of-fit  is  determined  simply 
by  overlaying  the  synthetic  and  observed  waveforms.  This  procedure  goes  relatively 
fast  for  long-period  modeling  but  becomes  increasingly  tedious  at  higher  frequencies. 

The  best-fitting  model  to  date  has  a  slow  mantle  velocity  of  4.28  km/sec,  a 
northwest -thinning  Moho-crustal  transition  layer  of  4.18  km/sec,  a  dipping  crustal- 
Moho  transition  layer  of  4.05  km/sec,  a  dipping  lower  crust  of  3.78  km/sec  that 
thins  out  to  the  northwest,  and  an  upper  crust  of  3.38  km/sec  that  also  dips 
northwest.  The  idealized  Imperial  Valley  basin  surface  has  two  layers  of  very  slow 
shear  velocities  of  1.0  km/sec  and  2.34  km/sec,  corresponding  to  what  Fui6  et  al. 
(1982)  described  in  their  P-wave  refraction  profiles.  A  thin  layer  of  3.24  km/sec 
that  thins  out  at  the  edge  of  the  basin  lies  underneath  the  slow  sediments.  This 
model  is  displayed  at  the  top  of  Figure  8  with  strike-slip  and  dip-slip  synthetics 
given  below.  Note  the  rapid  development  of  dispersion  and  waveform  complexity 
caused  by  the  slow  Valley  structure  which  is  evident  at  A  ■  62  km.  Not  much  more 
complexity  develops  along  the  remaining  hard-rock  path  suggesting  the  applicability 
of  numerical-analytical  interfacing  codes  (Stead  and  Helmberger,  1988). 

Depth  sensitivity  is  displayed  in  Figure  9  at  the  range  of  262  km,  which  is 
appropriate  for  the  Imperial  Valley  aftershocks.  For  both  strike-slip  and  dip-slip 
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Flo.  7.  Tumitil  component  of  the  BrowWy  Mrlbquakt  sad  iu  afUnkock  a*  wcorded  on  LP  30- 
•0  of  tbt  Pmuui  (tation  and  tba  coiraaponainj  tynthetics.  Tht  mochaniam  uacd  to  (ancrate  the 
synthetic  ia  obtained  from  Heaton  and  Halmbarjer  (1978). 

mechanisms,  absolute  amplitude  decreases  with  depth  for  a  given  moment.  In 
addition,  a  pure  strike-slip  mechanism  results  in  almost  twice  the  amplitude  of  a 
pure  dip-slip  mechanism  at  all  four  depths.  In  general,  we  also  expect  to  see  a 
Shallow  source  excite  more  surface  waves  for  both  mechanisms,  and  deeper  source 
to  show  lees  complexity.  These  results  are  similar  to  tboee  found  in  flat  layered 
models. 

For  small  events,  we  expect  eource  durations  to  be  short  compared  to  the  30-90 
instrumental  response  and,  therefore,  we  should  be  able  to  fit  any  seismogram  by  a 
linear  combination  of  the  Green’s  functions  displayed  in  Figure  9.  A  total  of  nine 
events  with  unknown  eource  parameters,  including  the  three  aftershocks  described 
earlier  and  the  Brawley  aftershock,  were  collected  as  a  data  set  to  which  the  Green’s 
Auctions  were  applied.  Haase  events  are  listed  in  Table  1,  where  the  locations  and 
depths  are  from  the  Caltech  catalog.  After  reviewing  focal  mechanisms  for  published 
mechanisms  for  events  in  this  region  (Johnson  and  Hadley,  1976;  Heaton  and 
Helmberger,  1978;  Fuis  tt  aL,  1982;  Johnson  and  Hutton,  1982;  Liu  and  Helmberger, 
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Fig.  9.  Sensitivity  of  Green’s  functions  to  depth.  Sources  tie  put  in  four  different  depths  st  the  seme 
epicentre]  location  as  the  1976  Brawley  event:  3.5,  7.0, 10.6,  and  14.0  km.  In  (enerai,  when  the  source  is 
still  in  the  basin,  more  surface  waves  are  generated  and  when  the  source  is  below  the  soft  and  slow 
sediments  in  the  basin,  the  waveforms  are  simpler  and  energy  drops  off  rapidly  with  time. 


TABLE  1 

Summary  or  Earthquakes  Used  in  the  Imperial  Valley  Long-Period  Study 


■vent 

Dm* 

(mm/6d/yy) 

Tla*  (GMT) 

UttoMMN) 

LaachudrtW) 

Depth  (km) 

Dip 

R*k< 

Strike 

1(A) 

10-16-79 

03:39:35.04 

32'  66.92’ 

115*  33.01’ 

6.14 

10* 

90* 

99* 

2(B) 

10-16-79 

09:36:41.69 

82*  66.98’ 

115*  31.41’ 

4.27 

10* 

90* 

99* 

3(0 

10-16-79 

11:47:56.06 

32*  64.81’ 

115*33.61’ 

6.09 

90* 

180* 

119* 

4 

11-4-76 

14:12:50.28 

33'  07.41’ 

116*  37.19’ 

2.71 

90* 

180* 

328* 

6* 

11-4-76 

10:41:37.64 

33*  07.89’ 

115*  37.40’ 

0.55 

90* 

180* 

328* 

6 

10-16-79 

23:16:32.18 

83*  01.33’ 

116*  30.37’ 

3.32 

20* 

180* 

300* 

7 

10-17-79 

22:45:33.82 

33*  02.40’ 

116*  30.02’ 

1.87 

70* 

180* 

334* 

8 

10-18-79 

03:10:47.83 

32*  57.05’ 

115*  32.10’ 

4.22 

70* 

180* 

334* 

9 

10-16-79 

06:49:10.97 

32*  66.48’ 

115*32.31’ 

4.66 

10* 

90* 

99* 

10 

4-26-81 

07:03:14.12 

33*  06.24’ 

116*  37.69’ 

6.24 

45* 

-90* 

0* 

•  Brawley  Earthquake. 


simple  for  both  strike-slip  sod  dip-slip  mechanisms,  and  it  changes  only  slightly 
with  depth.  It  appears  that  the  deeper  the  event,  the  simpler  the  waveform  it 
created.  This  features  proves  useful  in  fixing  the  depths  of  events  as  did  the  amount 
of  surface  wave  excitation  for  events  in  the  Imperial  Valley. 

In  order  to  check  the  derived  crustal  model  for  its  accuracy  outside  the  Imperial 
Valley  sedimentary  basin,  we  applied  the  same  source-modeling  process  to  three 
events  at  Ansa,  an  aftershock  of  the  Coyote  Mountain  1969  event,  and  two 
aftershocks  of  the  1968  Borrego  Mountain  event  (Fig.  6).  The  mechanisms  used  to 
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Fig.  8.  Pnftnwd  velocity  model  and  the  eoweepondini  Green’s  function*  |« oersted  with  a  source 
depth  of  7  Ion  at  the  location  of  the  1976  Brawiey  earthquake  (A  *  262  km).  The  stations  are  located  at 
60  km  interval  with  the  last  station  at  Paaadsns  Note  the  rapid  development  of  surface  waves  in  the 
basic  portion  of  the  path.  Maximum  amplitudes  are  given  in  nun  x  10'*. 

1885),  a  total  of  21  poaaible  orientations  for  each  event  was  considered.  The  best¬ 
fitting  combinations  are  displayed  in  Figure  10  with  depths,  magnitudes,  and 
moment  estimates  given  in  Tables  1  and  2.  Note  that  event  C,  es  discussed  earlier, 
is  modeled  as  a  deep  strike-slip  event,  while  event  B  appears  to  be  e  shallow  dip- 
slip. 

The  moment  required  to  match  the  Brawiey  data  was  3.0  x  10”  dyne -cm,  which 
can  be  compared  with  the  3.2  found  by  Heaton  and  Helmberger  (1978)  using  local 
strong-motion  data. 

The  sensitivity  of  Green’s  functions  to  depth  for  sources  at  Ansa  appears  totally 
different  from  that  in  Imperial  Valley  (Fig.  11).  In  general,  the  waveform  is  very 
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Fig.  10.  Long-period  modeling  of  nine  unknown  aftershocks  and  small  tvenu  in  the  Imperial  Valley, 
including  the  calibration  event,  the  Brawley  earthquake.  Data  thown  are  recorded  on  the  LP  *  30-90 
inatrument.  The  modeled  mechanisms  are  also  shown.  Results  indicate  that  event  C  is  a  deep  strike-slip 
event,  event  B  a  shallow  dip-slip  event,  and  event  A  a  mid-depth  dip-slip  event. 


TABLE  2 

Imperial  Valley  Moments  Obtained  by  Fitting  Long- 
Period  SH  and  the  Corresponding  Ml  and  Depths 
Compared  to  the  Catalog  Value 


Event 

M. 

Mi 

Daptk  (k*>) 

SH 

Mo*M 

•auks 

i 

15.3 

4.6 

4.6 

10.5 

6.14 

2 

2.4 

3.3 

4.1 

3.5 

4.27 

8 

39.2 

4.6 

4a 

14.0 

6.09 

4 

6.3 

4.5 

4.4 

7.0 

2.71 

6 

30.0 

4.8 

5.1 

7.0 

0.55 

6 

60.0 

6.2 

5.0 

7.0 

3.32 

7 

4.1 

4.4 

4.7 

7.0 

1.87 

8 

62.1 

4.7 

4.6 

10.5 

4.22 

9 

0.38 

46 

6.1 

7.0 

4.66 

10 

6.1 

4.5 

3.9 

10.5 

6.24 

if.  are  given  in  10"  dyne-cm. 


model  the  Ansa  event*  were  again  collected  from  various  studies  (Given,  1983; 
Sanders  and  Kanamori,  1984)  and  adjustments  made  to  fit  the  data.  The  fits 
between  synthetics  and  data  are  reasonably  good  with  results  given  in  Tables  3 
and  4. 
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FlO.  11.  Sensitivity  of  Groan's  functions  to  depth  with  tha  source  at  Anxa  distance.  The  waveforms 
are  simple  compared  to  those  displayed  in  Figure  9.  There  is  not  as  much  difference  in  the  complications 
of  waveforms  with  dspth  as  in  the  previous  case. 


TABLE  3 

8um>iarv  or  8ource  Mechanism*  Fit  to  Three  Ansa  Events  in  the  Local  Magnitude 

Range  or  4  to  5 


Event 

Deptk 

(kari 

Dip 

Rake 

Strike 

Data 

(mm/ii/yy) 

Ttaw 

(GMT) 

latitude  (N> 

laufiiudt  (W) 

08-11-76 

16:24:55.42 

33*  28.9' 

116*  30.62' 

14.0 

70* 

-86* 

45* 

06-06-78 

16:03:03.72 

S3*  25.21' 

116*  41.61' 

14.0 

70* 

-90* 

162* 

02-12-79 

04:48:42^6 

S3*  27.21' 

116’  25.44' 

6.0 

81* 

0* 

145* 

Strike  is  measured  clockwise  from  North. 


TABLE  4 

Summary  or  Source  Mechanisms  Fit  to  Aftershocks  or 
the  IMS  Borrego  Mountain  and  1999  Coyote  Mountain 
Earthquakes 


feant 

Dip 

Rake 

Strike 

Date 

fmmmtn) 

Him 

lac 

latitude  (N) 

taaeMude  (W) 

04-09-68 

0800 

88J 

S3*  06.4' 

116*  00.4' 

45* 

90* 

0* 

04-06-68 

1631 

88.5 

83*  18J' 

116*  18-3' 

80* 

261* 

163* 

06-19-69 

1440 

83.0 

83*20.9' 

116*  11.3' 

80* 

251* 

163* 

*  Strike  is  measured  clockwise  from  North. 
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Strong  Motions  prom  Imperial  Valley  Events 

One  of  the  objectives  of  this  study  was  to  provide  Green's  functions  appropriate 
for  strong  motions  in  the  frequency  domain  of  10  to  0.1  Hz.  Unfortunately,  we  do 
not  have  broadband  data  at  these  intensity  levels  so  that  we  must  rely  on  recordings 
from  the  low  gain  Wood-Anderson  (lOOx). 

At  10  Hz  the  problem  becomes  extremely  complex  and  the  motions  no  longer 
separate  into  the  P-SV  and  SH  systems.  Also,  we  no  longer  expect  events  of  this 
magnitude  (ML  >  5.5)  to  be  as  simple  as  the  small  events  discussed  earlier.  Thus, 
it  is  difficult  to  assess  the  adequacy  of  our  results,  since  we  can  only  compare 
predicted  motions  at  Pasadena  based  on  independently  determined  source  studies 
from  near-in  data  at  Imperial  Valley.  Three-component  data  may  help  resolve  the 
source  properties  by  providing  more  data,  and  this  subject  will  be  addressed  in  a 
later  effort.  At  this  stage,  we  will  examine  only  the  1979  Imperial  Valley  earthquake 
as  an  example.  The  secondary  energy,  arriving  about  40  sec  after  the  initial  motion 
that  accompanies  many  of  the  shallow  events  in  the  Valley,  will  be  discussed  later. 

Several  inversions  were  done  on  the  1979  Imperial  Valley  main  shock.  The  general 
consensus  of  the  rupture  includes  an  initial  10  km  deep  epicenter  that  ruptured 
northwestward  along  the  Imperial  Fault  at  a  rate  of  75  per  cent  of  the  shear  velocity; 
the  rupture  then  Continued  on  at  a  shallower  depth  (Hartzell  and  Helmberger,  1982; 
Olson  and  Apsel,  1982;  Hartzell  and  Heaton,  1983)  Archuleta  (1984)  holds  a  slightly 
different  conclusion  on  the  rupture  process,  with  an  initial  strike-slip  source  at 
about  8  km  depth  rupturing  northwestward.  Subsequent  rupture  occurred  at  two 


Inversion 


Models  Synthetics 


2  sec  filtered  4  sec  filtered 


synthetics 


synthetics 


Hartzell  ft 
Helmberger 


Hartzell  8i 
Heaton 


Archuleta 


Olsen  ft 
Aspel 


50  sec 


FlG.  12.  Simulations  of  etrons  motion  of  the  1979  Imperial  Valley  event  using  four  inversion  models 
(Olson  and  Aspel,  1982;  Hants  11  and  Helm  barter,  1982;  Hartmll  and  Heaton,  1983;  Archuleta,  1984). 
Amplitudes  are  given  in  cm  for  a  momtnt  of  6.0  x  10“  dyne -cm. 
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Fig.  13.  Companion  of  4-iac  filtered  Ungcnital  motion  against  predicted  synthetic! 

main  locations,  both  at  about  10  km  depth,  with  a  minor  dip-slip  rupture  at  about 
30  km  from  the  epicenter  along  the  strike  of  the  fault.  The  Hartzell  and  Helmberger’s 
model  (model  HHl)  and  the  Hartzell  and  Heaton’s  model  (model  HH2)  are  very 
similar,  while  Olson  and  Apsel’s  model  (model  OA)  is  a  more  continuous  model, 
which  can  be  simulated  using  nine  segments  of  rupture.  We  attempt  to  model  this 
1979  main  shock  by  treating  each  rupture  segment  in  each  inversion  model  as  an 
earthquake  source.  Using  the  same  mechanism  as  inverted  by  the  above  workers, 
we  combine  our  synthetics  with  the  mechanism*,  and  then  add  the  segments  up 
according  to  the  corresponding  delay  time  along  the  fault  Simulations  of  such 
strong  motions  appropriate  for  the  Pasadena  torsion  are  shown  in  Figure  12  with 
the  corresponding  inversion  models. 

A  comparison  of  the  filtered  data  with  the  synthetic  predictions  is  displayed  in 
Figure  13.  The  synthetic  responses  shown  in  Figure  12  require  a  time  derivative  to 
compare  with  the  corresponding  WA  record  in  displacement  which  tends  to  empha¬ 
size  the  high  frequency  tails  such  as  in  the  Olson-Apsel  model.  In  general,  all  of  < 
these  models  display  some  merit,  although  it  appears  that  the  two  models  on  the 
left  fit  the  waveform  data  somewhat  better.  The  important  point  in  this  comparison 
is  not  which  model  fits  better  but  that  complex  earthquakes  (multiple  ruptures)  can 
be  probably  distinguished  from  simple  events  when  BB  Green’s  functions  are 
available.  Thus,  this  type  of  regional  data  from  historic  events  can  be  used  to  help 
delineate  rupture  patterns  along  important  fault  segments. 
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Discussion  and  Conclusion 

Many  of  the  events  in  the  Imperial  Valley  data  set  have  a  secondary  arrival  that 
is  about  60  sec  late  (Fig.  10),  which  we  have  neglected.  There  are  several  possibilities 
for  the  secondary  arrivals:  (1)  Source  structural  effects,  which  include  three- 
dimensional  scattering  due  to  the  Imperial  Valley  basin  structure;  (2)  Source 
parameters  effects,  which  suggest  double  events  or  complicated  faulting  mecha¬ 
nisms;  (3)  Receiver  structural  effects,  which  are  local  effects  due  to  receiver  being 
in  or  near  a  basin;  and  (4)  Path  complications,  which  suggest  structural  effects 
•long  the  same  path  that  are  not  in  the  present  model. 

Source  structural  effects  would  result  in  waves  arriving  at  the  receiver  along 
different  azimuths.  We  determined  by  complex  polarization  studies  (Vidale,  1966) 
on  the  three  components  that  the  late  arrival  was  traveling  along  approximately 
the  same  azimuth  as  the  main  arrival.  So  we  believe  that  this  late  arrival  comes 
mainly  from  the  same  ray  azimuth  as  the  main  arrival,  though  there  is  a  clockwise 
rotation  after  the  first  arrival  at  Pasadena.  This  effectively  rules  out  possibility  (1). 

The  three  events  we  studied  at  Anza,  the  Borrego  Mountain  distance,  and  the 
Coyote  Mountain  events  show  no  secondary  arrival  at  all.  The  arrivals  have 
relatively  simple  waveforms.  The  hypothesis  that  the  secondary  arrivals  on  the 
Imperial  Valley  events  are  effects  of  the  local  receiver  structure  is  then  ruled  out 
because  of  the  absence  of  such  arrivals  on  the  other  records  of  events  outside  the 
basin. 

We  are  now  left  with  possibilities  (2)  and  (4).  It  is  fairly  unreasonable  to  attribute 
double  mechanisms  to  all  events  with  secondary  arrivals.  However,  shallow  events 
have  secondary  arrivals,  while  deeper  events  do  not.  The  secondary  arrival  also  has 
lower  frequency  than  the  main  arrival  as  recorded  on  the  long-period  instrument 
and  are  not  found  in  high-frequency  records.  These  features  suggest  that  this 


Fig.  14.  Numerical  responses  alonf  a  profile  from  IV  to  PAS  for  an  idealised  basin  model.  Note  the 
■harp  edfft  of  the  basin  typical  of  faulted  structures  at  the  western  edce  of  this  particular  basin. 
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•econdary  pulse  has  traveled  as  a  trapped  surface  wave  in  the  surface  sediments  to 
the  edge  of  the  basin  and  regenerates  into  a  normal  Love  wave. 

A  number  of  numerical  profiles  with  sources  placed  at  various  depths  in  a  variety 
of  basin  models  were  generated  to  test  the  above  hypothesis.  When  the  source  iB 
situated  in  the  sediments  and  when  the  basin  ends  sharply,  the  secondary  arrival 
becomes  particularly  strong,  as  displayed  in  Figure  14.  Basin  models  with  gentle 
dipping  edges  do  not  show  the  secondary  arrival  and  apparently  scatter  the  surface 
waves  at  lower  ray  parameters,  probably  teleseismically,  as  found  in  the  study  by 
Stead  and  Helmberger  (1988). 

The  broadband  responses  displayed  in  Figure  14  do  not  contain  the  instrument 
and  suggest  that  the  secondary  arrival  is  not  depleted  in  high  frequency  as  observed. 
Thus,  the  observed  secondary  arrival  has  lost  its  high  frequency  by  attenuation  in 
the  soft  sediments  or,  perhaps,  the  source  excitation  is  very  low  stress  drop.  This 
subject  is  best  pursued  with  broadband  three-component  array  data  and  will  be 
addressed  in  a  subsequent  paper. 

In  conclusion,  we  have  demonstrated  that  many  of  the  complexities  of  interme¬ 
diate-period  regional  Love  waves  can  be  explained  by  2-D  models.  The  added 
modeling  parameters  allow  the  creation  of  complex  dispersed  wave  trains  to  develop 
in  basins  and  then  travel  relatively  large  distances  with  only  slight  modifications. 
The  usefulness  of  Green’s  functions  from  such  models  will  be  explored  in  future 
efforts. 
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SUMMARY 

The  effect  of  transition  regions  between  continental  and  oceanic  structures  on  the  propagation 
of  Lt  waves  from  continental  sources  is  examined.  In  particular,  the  attenuation  due  to 
variations  in  layer  thickness  in  such  transition  regions  is  calculated  and  explained  for  a  suite  of 
simple  models.  The  measured  attenuation,  due  to  the  geometry  of  the  transition  regions 
between  the  oceanic  and  continental  structures  within  a  partially  oceanic  path  with  source  and 
receiver  in  a  continental  structure,  is  at  most  a  factor  of  four  for  frequencies  from  0.01  to 
1  Hz.  This  is  inadequate  to  explain  the  observed  extinction  of  Lg  along  such  paths.  This 
extinction  has  previously  been  attributed  to  the  effects  of  the  transition  region  geometry.  The 
method  used  to  calculate  the  results  presented  in  this  study  is  developed  and  its  validity  and 
accuracy  are  demonstrated.  Propagator  matrix  seismograms  are  coupled  into  a  Finite  Element 
calculation  to  produce  hybrid  teleseismic  SH  mode  sum  seismograms.  These  hybrid  synthetics 
can  be  determined  for  paths  including  any  regional  transition  zone  or  other  heterogeneity  that 
exists  as  part  of  a  longer,  mostly  plane-layered,  path.  Numerical  results  presented  for  a  suite 
of  transition  models  show  distinct  trends  in  each  of  the  regions  through  which  the  wavefield 
passes.  The  wavefield  passes  through  a  continent-ocean  transition  region,  then  a  region  of 
oceanic  structure,  and  finally  through  an  ocean-continent  transition  region.  When  an  Lg 
wavefront  passes  through  a  continent-ocean  transition,  the  amplitude  and  coda  duration  of 
the  Lg  wave  at  the  surface  both  increase.  At  the  same  time,  much  of  the  modal  Lg  energy 
previously  trapped  in  the  continental  crust  is  able  to  escape  from  the  lower  crust  into  the 
subcrustal  layers  as  body  waves.  The  magnitude  of  both  these  effects  increases  as  the  length 
of  the  transition  region  increases.  When  the  wavefront  passes  through  the  region  of  oceanic 
structure  further  energy  escapes  from  the  crustal  layer,  and  produces  a  decrease  in  Lg 
amplitude  at  the  surface.  The  rate  of  amplitude  decrease  is  maximum  near  the  transition 
region  and  decreases  with  distance  from  it.  When  the  wavefield  passes  through  the  ocean- 
continent  transition  region  a  rapid  decrease  in  the  Lg  amplitude  at  the  surface  of  the  crust 
results.  The  energy  previously  trapped  in  the  oceanic  crustal  layer  spreads  throughout  the 
thickening  crustal  layer.  Some  of  the  body  wave  phases  produced  when  the  wavefield  passes 
through  the  continent-ocean  transition  region  are  incident  on  the  continental  crust  in  the 
ocean-continent  transition  region.  These  waves  are  predominantly  transmitted  back  into 
the  crust.  The  other  body  wave  phases  reach  depths  below  the  depth  of  the  base  of  the 
'  continental  crust  before  reaching  the  ocean-continent  transition  and,  thus,  escape  from  the 

system. 

Key  weeds:  synthetic  seismograms,  Lt  waves,  continental  margins,  finite  element, 
•  attenuation 


INTRODUCTION 

This  paper  presents  a  study  of  the  propagation  of  Lg  waves 
•cross  ocean-continent  transition  regions.  The  transition 
regions  are  represented  by  simplified  models  each  consisting 
of  a  crustal  layer  with  a  smoothly  varying  thickness  above  a 


half-space.  The  wavefields  transmitted  through  the  transi¬ 
tion  region  models  are  calculated  to  model  Lg.  The  modal 
interpretation  of  Lt  on  which  the  calculation  of  synthetic 
seismograms  is  based  will  be  justified  below.  The 
importance  of  the  method  introduced  in  the  next  paragraph 
and  its  application  to  studies  of  Lg  propagation  in  major 
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areas  of  study  such  as  tectonic  supping  end  nuclear 
discrimination  will  be  explained,  and  the  new  results  this 
method  will  make  possible  will  be  discussed  and  related  to 
previous  work. 

The  changes  to  a  Lg  wavefield,  as  it  travels  across  a 
transition  region,  are  modelled  using  a  hybrid  method  which 
combines  the  Finite  Element  method  (FE)  and  the 
Propagator  Matrix  technique  (PM)  (Harkrider  1964,  1970, 
1981).  PM  seismograms  for  Lg  waves  from  a  continental 
source  are  coupled  into  a  FE  osculation  which  propagates 
the  Lg  wavefield  across  tbe  continent-ocean  boundary. 
Results  from  the  FE  calculation  are  then  coupled  into  a 
second  FE  calculation  which  propagates  the  Lg  wavefield 
through  an  ocean  to  continent  transition  region.  The  results 
of  cither  FE  calculation  may  be  propagated  through  a  region 
of  horizontally  uniform  waveguide  by  coupling  them  back 
into  a  PM  calculation  using  the  Seismic  Representation 
theorem  (RT)  (de  Hoop  1958).  The  FE  to  PM  coupling  can 
be  used  to  economically  investigate  tbe  effects  of  long  ocean 
path  lengths  between  regions  and  is  the  subject  of  later 
papers.  Here  we  restrict  ourselves  to  regions  in  and  near 
transition  zones  separated  by  short  (sl50  km)  ocean  paths. 

One  of  tbe  important  types  of  observational  studies  of  Lg 
has  been  to  distinguish  regions  with  oceanic  crustal 
structures  from  those  with  continental  crustal  structures. 
Press  ft  Ewing  (1952)  and  Bath  (1954)  observed  extinction 
of  Lg  when  the  propagation  path  included  an  oceanic 
portion  of  length  greater  than  200  km,  and  high  attenuation 
or  extinction  when  tbe  oceanic  path  length  was  as  short  as 
100  km.  This  led  to  the  commonly  used  assumption  that 
paths  which  pass  under  oceans  but  do  not  attenuate  Lt  are 
continental.  The  results  of  the  present  paper  seriously 
challenge  tbe  interpretation  that  paths  with  short  oceanic 
portions  which  show  little  or  no  Lg  attenuation  are 
necessarily  continental.  They  may  necessitate  the  reassess¬ 
ment  of  some  of  the  results  of  studies  of  Lt  in  many  regions 
of  the  world  (Press,  Ewing  A  Oliver  1956;  Savarensky  A 
Valdner  1960;  Bolt  1957;  Lehmann  1952,  1957;  Oliver, 
Ewing  A  Press  1955;  Herrin  A  Minton  1960;  Wetmiller 
1974;  Gregersen  1984;  Kennett  A  Mykkeltveit  1984). 

Another  major  use  of  Lg  waves  is  in  the  determination  of 
magnitudes,  mbL,’  °f  explosions  and  earthquakes.  Different 
types  of  magnitudes,  including  mbLf,  are  compared  to 
discriminate  between  the  two  types  of  sources  (Blandford 
1982;  Pomeroy,  Best  A  McKevilly  1982).  m*. 

measurements  are  also  used  to  derive  y,  the  coefficient  of 
anelastic  attenuation,  which  is  important  in  many  types  of 
wave  propagation  and  attenuation  studies  and  can  be 
employed  to  assess  the  possible  destructiveness  of 
earthquakes.  It  is  important  to  understand  if  reflections, 
refractions,  or  diffractions  from  changes  in  crustal  thickness, 
generally  ignored  in  studies  measuring  mbLf  or  y  will 
produce  significant  effects  not  accounted  for  in  the 
interpretations  given  (Nuttli  1973,  1978,  1981;  Herrmann  ft 
Nuttli  1975.  1982;  Street  1976,  1984;  Street,  Herrmann  ft 
Nuttli  1975;  Street  ft  Turcotte  1977;  Jones,  Long  ft  McKee 
1977;  Bollinger  1979;  Barker,  Der  ft  Mrazek  1981;  Nicolas 
0  at.,  1982;  Dwyer,  Herrmann  ft  Nuttli  1963;  Chung  ft 
Bernreuter  1981;  Singh  ft  Herrmann  1963;  Campillo, 
Boucbon  ft  Massinon  1984;  Herrmann  ft  Kijko  1983). 

The  preferred  interpretation  of  Lt  is  in  terms  of  a 
superposition  of  higher  mode  surface  staves.  This  higher 


mode  surface  wave  interpretation  of  Lg  was  initially 
unpopular  because,  in  its  earliest  forms,  based  on 
fundamental  mode  Love  waves  alone,  it  did  not  explain  the 
vertical  and  longitudinal  components  and  the  long  coda. 
However,  it  subsequently  superseded  the  alternate  explana¬ 
tion  in  terms  of  channel  waves  trapped  in  the  crust  above  a 
low-velocity  layer  for  tbe  following  reasons.  Oliver  ft  Ewing 
(1957,  1958),  Oliver,  Dorman  ft  Sutton  (1959)  and  Kovach 
ft  Anderson  (1964)  showed  that  all  components  of  Lt  could 
be  interpreted  by  considering  both  higher  mode  Rayleigh 
and  Love  waves,  Knopoff  er  al.  (1975),  Panza  ft  Calcagnile 
(1974,  1975)  and  Boucbon  (1981,  1982)  used  the  higher 
mode  interpretation  of  Lg  to  calculate  synthetic  seismo¬ 
grams,  which  demonstrate  that  a  low-velocity  channel 
below  the  crustal  waveguide  was  unnecessary.  Other  phases 
previously  defined  in  terms  of  the  channel  model  have  been 
successfully  modelled  using  tbe  higher  mode  surface  wave 
model.  Schwab,  Kausel  ft  Knopoff  (1974)  and  Mantovani 
0  of.  (1977),  considered  Sm,  Panza  ft  Calcagnile  (1975) 
considered  Rg  and  L„  and  Stephens  ft  Isacks  (1977) 
considered  tbe  transverse  component  of  S„.  Clearly,  the 
multimode  surface  wave  explanation  of  Lg  is  valid  and 
useful.  However,  the  long  Lt  coda  observed  is  still  not 
completely  understood  for  phase  velocities  less  than 
2.8  km  s  .  The  attribution  of  this  long  coda  to  diffraction 
and  reflection  from  crustal  structure  is  supported  by  the 
results  presented  in  this  study. 

A  simple  parallel  of  tbe  multimode  surface  wave 
interpretation,  which  is  a  very  useful  aid  in  the 
interpretation  of  the  wavefields  presented  in  this  study,  is 
the  representation  of  tbe  multimode  Lg  arrivals  as 
superpositions  of  multiply  reflected  post-critical  SH  and  SV 
rays  trapped  in  the  crustal  layer.  Bouchon  (1982)  used  this 
type  of  interpretation  for  Lg  arrivals  for  group  velocities 
between  3.5  and  2.8kms_l.  Pec  (1967)  and  Kennett  (1986) 
also  used  the  ray  approach  to  address  properties  of  Lg.  This 
type  of  interpretation  can  also  be  used  to  explain  where 
structure  causes  conversions  from  Lg  to  distinct  body  waves 
or  from  one  SH  mode  to  another.  Gregersen  (1978) 
discusses  conversion  between  different  inodes  of  Love  waves 
and  between  Love  and  Rayleigh  waves  at  ocean-continent 
boundaries.  For  near  normal  incidence  conversion  between 
Love  and  Rayleigh  waves  is  shown  to  be  a  small  effect. 
However,  future  3-D  modelling  would  be  necessary  to 
confirm  these  conclusions  based  on  an  approximate  method. 
Understanding  conversion  between  modes  of  Lg  and 
between  Lt  and  other  phases  is  an  important  part  of 
understanding  the  mechanisms  of  attenuation  of  Lg  along 
mixed  paths. 

Many  attempts  to  understand  the  propagation  of  seismic 
disturbances  across  regions  of  varying  structure  such  as 
transition  zones  have  been  made.  First,  simple  models  were 
used  and  analytical  solutions  were  derived  for  soluble 
special  cases,  then  increasingly  complicated  models  were 
considered  as  available  computational  power  increased.  Tbe 
types  of  models  that  have  been  used  to  approximate 
transition  regions  can  be  separated  into  several  types  which 
are  illustrated  in  Fig.  1.  Sato  (1961a)  derived  analytical 
results  for  models  of  type  la  (Fig.  la)  with  L  ■  0  and  L>  0. 
Kennett  (1973)  considered  die  problem  of  seismic  waves 
interacting  with  a  layer  or  layers  in  which  properties  change 
across  a  surface  perpendicular  to  or  at  a  specified  angle  from 
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Hfrc  1.  Types  of  models  used  in  studies  of  propagation  of  Love 
waves  across  continent-ocean  boundaries,  in  order  of  increasing 
eompienty  (a)  shows  two  homogeneous  layered  regions,  1  and  3, 
separated  by  an  intermediate  region,  2,  in  which  elastic  properties 
vary  smoothly  between  their  values  in  regions  1  and  2.  (b)  shows  a 
layer  over  a  half-space  with  a  step  change  in  the  thickeass  of  the 
layer,  (c)  shows  a  model  with  a  smooth  change  in  thickness,  either 
at  the  surface  or  the  Moho.  (d)  shows  a  model  with  a  smooth 
change  in  thickness  both  at  the  surface  and  the  Moho.  The 
variations  in  (a),  (c),  and  (d)  occur  in  a  transition  region  of 
length  L. 

the  layering.  Several  types  of  solutions  for  models  of  type  lb 
(Fig.  lb)  have  been  derived.  Sato  (1961b)  obtained 
approximate  analytical  reflection  and  transmission 
coefficients,  for  h  «  A,  where  h  is  the  crustal  thickness  and  A 
is  the  incident  wavelength.  Hudson  A  Knopoff  (1964), 
Knopoff  A  Hudson  (1964),  Hudson  (1977)  and  Bose  (197S) 
derived  similar  solutions  without  applying  the  A«A 
constraint.  Alsop  (1966)  developed  an  approximate  solution 
for  these  coefficients  applicable  when  all  energy  remains  in 
Love  waves.  Gregerten  A  Alsop  (1974, 1976)  extended  this 
method  to  the  case  of  non-oormally  incident  Love  waves. 
They  found  that  for  oblique  incidence  at  angles  less  than  40* 
animal  incidence  is  a  good  approximation.  Kazi  (1978a,  b) 
derives  solutions  that  account  for  and  demonstrate  the 
importance  of  the  Love  waves  converted  to  scattered  body 
waves  at  the  surface  step.  Martel  (1960)  used  a  FE 
technique  and  spatial  filtering  to  isolate  the  diffracted  body 
wave  component.  Many  workers  have  studied  models  of 
type  lc  (Fig.  lc).  Knopoff  A  Mai  (1967),  and  Knopoff  «  a/. 
(1970)  derived  an  analytical  solution  usable  when  the  slope 
of  the  surface  (or  Moho)  in  the  transition  region  is  small. 
Pec  (1967)  calculated  the  dispersion  of  Love  waves 
propagating  in  a  wedge-shaped  layer  and  found  that  the 
largest  changes  hi  phase  velocity  and  amplitudes  occur  at 
short  periods.  Boore  (1970)  studied  the  propagation  of  a 


simple  Love  wave  (F>20s),  using  the  Finite  Difference 
(FD)  method.  He  noted  that  in  the  region  of  the  transition 
mode  conversions  and  conversion  to  other  types  of  waves 
seemed  to  be  important.  Lysmer  A  Drake  (1971, 1972)  and 
Drake  (1972)  use  a  FE  method  based  on  Zienkiewicz  A 
Cheung  (1967).  This  formulation  requires  that  the  incident 
modal  energy  is  exactly  equal  to  the  sum  of  the  reflected  and 
transmitted  modal  energy.  The  body  waves  present  in  the 
system  produce  distortions  to  the  elastic  layer  over  a 
half-space  eigenfunctions,  which  increase  for  higher  modes. 
Drake  A  Bolt  (1980)  used  the  same  method  with  a  model  of 
type  Id  (Fig.  Id)  to  study  a  more  realistic  model  fitting 
fundamental  mode  phase  velocity  data  for  events  normally 
incident  on  the  California  continental  margin  at  periods 
between  4.4  and  60  s. 

All  the  studies  discussed  in  the  previous  paragraph  used 
periods  much  longer  than  those  that  will  be  considered  in 
the  following  discussions.  The  shorter  periods  used  in  this 
study  allow  the  examination  of  the  effects  of  transition 
regions  with  L  many  times  A.  The  energy  escaping  from  the 
crustal  waveguide  is  shown  in  this  study  to  be  an  important 
component  of  the  explanation  of  the  attenuation  of  the  Lt 
phase  travelling  on  partially  oceanic  paths.  Previous  studies 
considered  mainly  fundamental  mode  Love  wave  input 
sampled  at  a  selection  of  discrete  frequencies,  while  the 
forcing  functions  used  in  this  study  are  a  sum  over  a  range  of 
frequencies  on  the  fundamental  and  first  five  higher 
branches.  Of  the  previous  studies,  only  Kennett  A 
Mykkeltveit  (1984)  have  generated  realistic  seismograms 
similar  to  those  used  in  this  study;  instead  other  studies 
concentrated  on  measuring  phase  velocities  and  transmission 
and  reflection  coefficients. 

PROPAGATOR  TO  FINITE  ELEMENT 
COUPLING 

The  hybrid  method  used  in  tbe  present  study  allows  the 
determination  of  synthetic  L,  seismograms  for  propagation 
paths  which  include  a  non-plane-layered  transition  region  as 
a  small  portion  of  a  longer  mostly  plane-layered  path.  A 
graphical  representation  of  the  hybrid  method  is  shown  in 
Fig.  2.  No  transition  region  is  illustrated  in  the  figure,  but 
any  type  of  structure  may  be  inserted  into  the  FE  grid. 
Within  a  plane-layered  medium,  that  is  outside  any 
transition  region,  the  ‘trapped’  wavefield  can  be  mathemati¬ 
cally  constructed  at  any  point  receiver  using  the  PM 
technique  and  an  appropriate  form  of  a  source  repre¬ 
sentation.  Tbe  resulting  far-field  seismogram  will  include  not 
only  a  direct  arrival  but  also  the  superposition  of  many 
multiple  critical  and  post-critical  reflections  which  produce 
the  surfsoe  waves  is  the  wave  train.  Each  such  PM 
seismogram  is  represented  in  Fig.  2  by  a  single  solid  line 
from  tbe  source  to  the  receiver.  A  set  of  PM  seismograms, 
for  a  specified  source  function,  are  generated  at  a  group  of 
intermediate  receivers,  equally  spaced  in  x,  located  at  the 
grid  edge  notes  of  the  FE  grid,  a  horizontal  distance  X  from 
tbe  source.  This  type  of  set  of  seismograms  will  be  referred 
to  as  a  set  of  forcing  functions.  Tbe  depth  spacing  between 
the  intermediate  receivers,  Ax,  is  also  tbe  node  spacing  in 
the  FE  grid  of  rectangular  elements  into  which  the  wavefield 
is  to  be  coupled.  The  PM  forcing  functions  are  applied  as 
displacement  time  history  constraints  on  tbe  left-most 
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Figure  2.  Geometry  used  to  explain  the  coupling  of  PM  seismograms  from  a  aouroe  outside  a  FE  grid  into  a  FE  grid.  The  two  long  horizontal 
fates  show  the  free  surface  and  the  boundary  between  the  layer  and  the  half-space.  The  source  is  shown  as  an  asterisk.  Two  columns  of  FE 
nodes  are  shown  as  dots.  The  vertical  fate  connecting  the  dots  and  the  short  horizontal  line  perpendicular  to  it  are  grid  edges.  All  receivers 
located  at  nodes  on  the  left-most  edge  of  the  FE  grid  will  be  referred  to  at  intermediate  receivers.  The  heavy  solid  line  from  the  source  to  the 
surface  receiver  in  the  grid  denotes  the  direct  analytical  seismogram,  the  solid  lines  between  the  source  and  the  grid  edge  nodes  denote  the 
direct  forcing  functions,  and  the  dotted  fates  indicate  the  source  to  receiver  paths,  for  the  sources  created  by  the  application  of  the  forcing 
functions  at  the  grid  edge.  Integration  over  all  dashed  paths  gives  the  hybrid  seismogram. 


column  of  nodes  in  the  FE  grid,  thus,  completely  specifying 
the  subsequent  motion  at  all  points  in  that  FE  grid.  Each 
node  to  which  a  forcing  function  is  applied  becomes  a  source 
point  in  the  FE  calculation.  Any  point  in  the  FE  grid  may  be 
chosen  as  the  receiver.  The  receiver  is  assumed  to  be  a 
horizontal  distance  X2  from  the  source.  The  hybrid 
seismogram  recorded  at  this  receiver  is  a  superposition  of 
the  seismograms  produced  by  each  source  point  along  the 
FE  grid  edge.  Each  of  these  component  seismograms  are 
indicated  by  a  dotted  line  in  Fig.  2. 

The  seismograms  used  as  forcing  functions  can  be 
generated  using  more  than  one  type  of  source.  For  a  line 
source,  in  a  homogeneous  half-space  or  a  layered  half-space 
the  applied  forcing  functions  are  ur(x,  y,  z).  For  a  double 
couple  point  source  the  PM  solutions  can  be  expressed  in 
cylindrical  coordinates  as 


l®(r,  p,  z)] « MP.  z) 


9H?\kLr) 


where  r  is  the  source  to  receiver  distance,  is  the 
wavenumber  of  the  Love  wave  mode  being  considered, 
l/*a>(ALr)  is  the  Hankel  function  of  the  second  kind,  and 
0y(p,  z)  is  a  factor  containing  all  terms  relating  to  the 
source  and  to  propagation  in  z.  2-D  and  3-D  propagation 
show  different  rates  of  spreading  with  distance.  The 
rectangular  grid  FE  code  used  is  based  on  the  SWISFE 
code  (Frazier,  Alexander  k  Petersen  1973),  and  b  a  2-D 
Cartesian  formulation.  Thus,  for  consistency  the  forcing 
Auctions  applied  to  the  FE  grid  edge  should  be  2-D 
Cartesian  results,  uy.  It  must  be  demonstrated  that  the 


application  of  3-D  cylindrical  forcing  functions  to  a  2-D  FE 
grid  produces  hybrid  seismograms  that  approximate  the  3-D 
cylindrical  solution  [<>(r,  p,  z)]  at  the  receiver.  It  is 
demonstrated  below  that  the  discrepancies  in  the  3-D 
cylindrical  hybrid  solution  due  to  the  2-D  propagation  in  the 
FE  portion  of  the  path  are  negligible  or  easily  corrected  for. 

Consider  a  FE  grid  with  its  leftmost  edge  a  distance  X  ■  r, 
from  a  source,  and  a  receiver,  where  hybrid  and  analytical 
synthetic  results  are  recorded,  a  distance  X2  ■  r2  from  the 
source.  Define  the  distance  propagated  within  the  FE  grid  as 
dr»r2- r,.  Since  we  are  considering  the  case  of  r  large, 
ku»  v/r,  [0(r2,  p,  z)]  can  be  expressed  in  terms  of  r, ,  p,  z, 
and  Ar  as 

[Ofa.  P,  *)J  -  P.  *))\p+~«tp 

r, 

-  [0(r, ,  p,  z)J exp  (~ikLAr)  Ar«r,  kLr,»l. 

Now,  for  a  line  source  the  analogous  modal  continuation 
relation  is, 

U,(x„  z)-u*(x„  z)exp[-ikL(x2-x,)] 

Comparing,  we  see  that  both  expressions  have  the  same 
form.  In  each  case  the  displacement  at  r2  can  be  expressed 
as  the  displacement  at  r,  multiplied  by  a  propagation  factor. 
A  2-D  FE  or  RT  calculation  will  give  the  same  propagation 
factor  Air  each  mode  as  the  analytical  expression  above.  If 
the  displacements  at  r,,  v(r,,p,  z)  or  v,(x,  z),  and  the 
propagation  factors,  exp(-itLAr)  or  exp(-t*LAr),  are 
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Hft  3.  Sample  PM  node  mm  synthetic  seismogram  for  SH  L,  1300  km  from  the  source.  The  seismogram  includes  modes  with  periods 
between  0.3  and  100  s.  The  fundamental  and  the  first  five  higher  modes  are  used.  The  seismogram  has  been  bandpass  filtered  between  0.01  and 
1  Hz,  and  has  the  WWSSN  short  period  instrument  response  convolved  with  it.  The  box  shows  the  time  window  used  to  select  the  forcing 
functioa.  The  numbers  along  the  axis  indicate  the  group  velocities  of  the  arrivals. 


correlated  by  considering  x,  *  r,  and  Ax ■ At,  then 
<Kr2>  +>  *)•  the  3-D  solution,  will  be  given  by  ur(x2,  z),  the 
mult  of  die  2-D  FE  or  RT  calculation.  The  source  must  be 
many  As,  from  the  boundary  and  r  must  be  normal  to  the  FE 
grid  edge  and  in  the  plane  of  die  FE  grid. 

The  PM  seismograms  [0(r,  d>  z)]  used  as  forcing 
ftmcrions  in  the  tests  discussed  below  show  the  overall 
character  of  the  arrivals  seen  in  data  in  the  Lt  group  velocity 
range  of  between  2.8  and  3.5  km  s'1  (Fig.  3).  The 
seismograms  are  complete  to  a  period  of  1.9s  and  contain 
most  of  the  energy  for  periods  down  to  0.3  s.  A  triangular 
time  functioo  with  rise  time  0.2s,  and  decay  time  0.2s  is 
need.  The  rectangle  in  Fig.  3  delimits  the  time  window  used 
to  select  the  portions  of  the  seismograms  used  as 
dbpfoccjncnt  tune  history  forcing  functions.  No  intrinsic 
attenuation  is  included  in  the  seismograms,  since  the  object 
of  this  study  is  to  determine  the  attenuation  caused  by  the 
geometry  of  the  layers  of  the  earth  model.  The  forcing 
functions  have  been  filtered  between  0.01  and  1  Hz  using  a 
3-coefficient  two-way  minimum  phase  time  domain  bandpass 
filter.  This  removes  frequencies  too  high  to  be  accurately 
transmitted  in  the  FE  grid.  The  forcing  functions  used  in 
subsequent  calculations  differ  from  the  seismogram  shown  in 


Fig.  3  in  that  no  instrument  response  has  been  applied.  The 
instrument  response  is  applied  to  the  FE  result. 

DESIGNING  FE  GRIDS 

The  FE  grids  discussed  in  this  section  are  designed  to 
represent  the  two  classes  of  transition  models  illustrated  in 
Fig.  4.  The  difference  between  individual  transition  models 
within  each  class  was  L,  the  length  of  the  transition  region. 
Real  ocean  to  continent  type  transitions  occur  over  lengths 
of  50-300 km  (Keen  A  Hyndman  1979;  Hinz  et  at.,  1979; 
Eittreiffl  A  Grantz  1979;  Le  Douaran,  Burns  A  Avedik 
1964).  However,  for  the  present  studies,  an  upper  limit  on  L 
of  100  km  was  imposed  by  the  computation  limits  discussed 
below.  The  lengths  used  for  this  investigation  were  a  step 
traosrtioc  (L -0km),  L -25,  50  and  100km. 

Results  in  tins  paper  were  generated  using  a  Ridge 
computer  at  Caltech  and  a  Convex  Cl  computer  at  the 
GSC.  The  largest  FE  calculation  eras  allowed  up  to  48cpu 
hours  on  the  Ridge.  Moving  to  a  foster  machine  like  the 
Convex  or  a  supercomputer  does  not  allow  the  increases  in 
grid  length  that  might  be  expected.  As  the  path  length  in  the 
grid  increases,  numerical  dispersion  becomes  a  more  serious 
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hpw  4.  F.xpUnstioo  of  tenns  and  ill  ultra  tior  of  the  model  dames 
wed  to  describe  the  behaviour  on  pasuge  through  a  transition 
region.  The  heavy  hoc  between  the  water  layer  ud  the  crustal  layer 
is  the  surface.  The  sloping  portion  of  this  surface  is  the  continent  to 
ocean  boundary  (COB)  for  the  C/O  transition  model  and  the  ocean 
to  continent  boundary  (OCB)  for  the  O/C  transition  model. 
Similarly,  the  sloping  dashed  line  between  the  crust  and  mantle 
layers  is  the  crust  to  mantle  boundary  (CMB)  for  the  C/O  transition 
and  the  mantle  to  crust  boundary  (MCB)  for  the  O/C  case.  The 
length  of  the  transition,  L,  is  the  distance  from  B  to  D,  B  is 
referred  to  as  the  beginning  of  the  transition,  D  as  the  end  of  the 
transition,  C  as  the  centre  of  the  transition.  A  is  5  km  from  B,  E  is 
Stem  from  D. 

difficulty  making  decreases  in  grid  spacing  necessary.  Also, 
the  grid  length  grows  SO  per  cent  Canter  than  L.  To  obtain  a 
significant  increase  in  grid  length  a  more  accurate  higher 
order  FE  or  FD  scheme  would  be  advisable  and  double 
precision  calculations  might  become  necessary. 

The  first  class  of  models  used  in  this  study  describe 
continent  to  ocean  transition  regions.  In  farther  discussions 
these  models  will  be  referred  to  as  C/O  models,  and  the 
transitions  they  represent  as  C/O  transitions.  Similarly,  the 
second  dam  of  models  described  ocean  to  continent 
trensitioo  regions,  and  will  be  referred  to  as  O/C  models. 
The  transitions  they  represent  will  be  referred  to  as  O/C 
transitions.  The  continental  reference  model  consists  of  a 
32km  thick  crustal  layer  over  a  half-space.  The  oceanic 
reference  model  consists  of  two  S  km  layers,  one  water  and 
one  oust,  over  a  half-space.  Each  C/O  or  O/C  transition 
region  is  characterised  by  a  continuous  rate  of  thinning  or 
iMrhraing  of  the  crustal  layer.  In  all  models  the  crustal  layer 
has  an  SH  wave  velocity,  of  3.5 kms-1  and  a  density  of 
2.7  gcc-1,  while  the  half-space  has  an  SH  wave  velocity 
of  4.5 tans-1  and  a  density  of  3.4gcc~‘.  Each  dam  of 
tmadtioo  models  has  the  tame  boundary  conditions  (BO) 
applied  to  each  of  its  members.  The  forcing  fanctioos  used 
to  drive  dm  C/O  transitioe  and  continental  reference  FE 


calculations  are  a  vertical  section  of  60  mode  sum 
seismograms,  calculated  at  depth  intervals  of  0.5  km 
beginning  at  the  surface,  for  a  strike  slip  source  at  8  km 
depth  at  a  distance  X  *  1500  km.  The  forcing  functions  for 
the  O/C  transition  and  oceanic  reference  tests  are  recorded 
(hiring  the  50  km  C/O  transition  calculation.  They  consist  of 
a  depth  section  of  hybrid  seismograms  recorded  25  km  past 
the  oceanic  end  of  the  50  km  C/O  transition  region,  1755  km 
from  the  source.  The  vertical  spacing  within  the  depth 
section  is  0.5  km.  All  other  BCs  are  identical  for  all  models. 
The  transmitting  BC  is  applied  to  all  edge  nodes  of  the  grid, 
excluding  only  the  free  surface  and  the  nodes  to  which 
forcing  functions  are  applied. 

The  first  step  in  d—ipning  a  grid  for  FE  calculations  is  to 
determine  grid  spacing,  dx,  and  the  time  step  duration,  dt. 
For  computational  efficiency  it  is  important  to  maximize  dx 
and  dt.  At  least  six  nodes  per  wavelength  (Frazier  et  a!., 
1973)  are  needed  to  avoid  numerical  dispersion  problems. 
To  wratwram  numerical  stability,  the  wavefront  can  travel  no 
more  than  half  the  grid  spacing  per  time  step.  Thus,  dx  and 
dt  must  be  chosen  to  satisfy 


where  /  is  the  highest  frequency  in  the  waveform  to  be 

modelled  and  and  V _  are  the  minimum  and 

maximum  5  velocities  respectively  in  the  dominant  part  of 
the  model.  In  this  study,  we  are  considering  Lt  waves  with  a 
predominant  period  of  approximately  1  s,  in  a  medium  with 

V.*- 3.5  km  s'1  and  V _ ■4.5kms~*.  Thus,  we  have 

chosen  dx  »  0.5  km  and  dt  «  0.05  s- 
Tbe  next  step  in  designing  the  grid  is  the  determination  of 
the  dimensions  of  the  grid,  nr  and  ny,  the  duration  of  the 
input  forcing  functions,  Tml,  the  duration  of  the  calculated 
time  aeries,  Tmmle,  and  the  location  of  the  transition  region 
within  the  grid.  The  vertical  column  of  nodes  at  which 
forcing  functions  are  applied  be  at  the  leftmost  edge  of  the 
FE  grid.  This  column  of  nodes  at  the  grid  edge  appears  as  a 
rigid  boundary  to  energy  incident  upon  it  from  within  the 
grid.  The  criteria  below,  used  to  choose  the  location  of  the 
transition  region  within  the  grid,  are  designed  to  avoid 
contamination  from  reflections  from  the  leftmost  grid  edge. 
The  location  of  the  transition  region  within  the  grid  is 
defined  in  terms  of  the  distances  from  the  leftmost  grid  edge 
to  positions  A,  B,  C,  D,  E,  in  Fig.  4.  The  values  of  these 
parameters  were  chosen  to  satisfy  two  criteria. 

(a)  A  seismogram  of  duration  D,  seconds  can  be  recorded 
at  A  (Fig.  4)  before  the  multiple  reflection  of  the  input 
wave  from  the  beginning  of  the  transition,  B,  to  the 
leftmost  grid  boundary  and  back  again  reaches  A. 

(b)  A  seismogram,  uncontaminated  by  the  multiple  reflec¬ 
tion,  with  duration  D,  seconds  can  he  recorded  at  the 
receiver  doeest  to  the  right-moat  edge  of  the  grid.  This 
receiver  is  defined  to  be  at  a  distance  x,  from  the 
left-most  grid  edge. 

Criteria  A  and  B  concern  themselves  only  with  reflections 
from  the  left-most  edge  of  the  grid.  Noo-phyir  '  ''TV'ons 
from  the  bottom  and  the  right-most  edge  oi  the  grid  are 
removed  using  transparent  BCs  which  will  be  discussed 
later.  The  BC  cannot  he  applied  at  a  node  constrained  by  a 
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forcing  function.  The  duration  D,  was  chosen  to  be  55  s,  the 
observed  coda  duration  for  a  SH  Lt  mode  sum  seismogram 
at  a  distance  of  1000  km  from  the  source.  For  all  the  models 
wed  in  this  study  the  values  of  parameters  defining  the  size 
of  the  grid  and  the  location  of  the  transition  region  within  it 
are  given  jn  Table  1.  Distances  ate  given  as  the  number  of 
nodes  in  She  horizontal  direction  from  the  left  edge  of  the 
grid  to  the  depth  section  or  boundary  indicated.  The  model 
names  consist  of  a  number  that  indicates  L,  then  the  model 
type.  Reference  layer  over  half-space  models  are  indicated 
by  ref. 


SAMPLING  FE  SOLUTIONS 

Analysis  of  die  effects  of  various  transitions  on  the 
waveforms  and  amplitudes  of  Lt  waves  using  FE  techniques 
requires  that  the  motions  of  the  nodes  of  the  FE  grid  be 
sampled  so  that  the  progress  of  die  Lt  waves  across  the 
transition  can  be  observed.  TWo  methods  of  sampling  are 
used  in  this  study.  Complete  displacement  time  histories  ate 
recorded  for  selected  nodes,  and  the  displacements  of  all 
nodes  in  the  grid  are  recorded  at  given  time  intervals.  The 
first  approach  produces  seismograms  which  can  be  used  to 
illustrate  variations  of  amplitude  and  waveform  with 
distance  or  depth,  the  second  approach  produces  time  slices 
and  is  a  dear  way  to  illustrate  die  propagation  and 
distortion  of  wavefronts  caused  by  passage  through  die 
inhomogeneous  structure.  Time  slices  are  self  scaled  to  that 
successive  time  slices  may  show  the  same  absolute  amplitude 
as  a  different  symbol  size.  Thus,  the  tame  region  of  the 
waveform  will  appear  darker  oo  a  time  slice  with  a  given 
maximum  amplitude  than  on  another  time  slice  with  a  larger 
—rimnm  amplitude.  This  difference  must  be  remembered 
when  interpreting  the  time  slices. 

The  amplitude  of  the  first  large  positive  and  negative 
peaks  in  Lt  mode  sum  seismograms  (Fig.  3)  are  extremely 
sensitive  to  distance  from  the  source  and  to  die  time  spacing 
and  starting  time  chosen  when  calculating  the  synthetics.  It 
is  not  unusual  for  very  small  changes  in  these  parameters  to 
produce  variations  in  amplitude  of  several  per  cent.  An 
improved  filtering  technique  would  reduce  the  variation 
aKghdy  by  removing  more  of  the  sampling  effects  doe  to  the 
smo-sero  spectral  amplitude  at  the  Nyquist  frequency. 
However,  a  significant  portion  of  the  variation  is  apparently 
due  to  changes  in  the  patterns  of  interference  between 
multiple  arrivals.  In  addition,  the  direct  S  pulse  and  the  end 
of  the  5,  wavetrain  arrive  at  the  same  time  as  the  initial 
pulses  in  the  L,  wavetrain.  The  longer  period  portions  of 
the  5  and  Sm  arrivals  have  been  removed  by  the  bandpass 
filter.  However,  some  noo-L,  energy  wifi  be  present  in  the 


SH  L,  waves  in  and  near  continental  margins 

first  few  cycles  of  the  trace.  Unfortunately,  the  initial  high 
frequency  peaks,  which  are  affected  by  the  problems 
discussed  above,  yield  the  maximum  peak  to  peak 
amplitude.  This  indicates  that  peak  to  peak  amplitude  will 
be  a  poor  measure  of  the  Lg  amplitude.  A  more  stable 
measure  of  amplitude  correspondence  between  seismograms 
of  this  type  is  the  rms  amplitude  calculated  over  some  time 
window  appropriate  to  the  seismograms  being  compared: 


rms  ■ 


[amp  («)*] 
m 


where  m  is  the  number  of  points  in  a  sampling  window  of 
duration  7^  seconds.  Such  an  rms  amplitude  measure  will 
reduce  the  effects  of  S  or  S„  contamination  and  of  any  other 
instabilities  affecting  the  initial  arrivals. 

The  evaluation  of  rms  amplitudes  is  straightforward  once 
the  sampling  window  has  been  cfaoaen.  The  location  of  the 
sampling  window  with  respect  to  the  arrivals  of  maximum 
amplitude,  and  the  duration  of  the  trace  contained  within 
the  sampling  window,  have  a  significant  effect  on  the  value 
of  the  rms  amplitude.  Care  must  be  taken  to  choose 
windows  for  two  sett  of  results  that  produce  meaningful 
comparisons.  When  results  of  two  separate  FE  calculations 
are  being  compared,  at  corresponding  nodes,  both 
seismograms  should  begin  at  the  same  absolute  time.  When 
successive  seismograms  in  a  depth  or  distance  section,  from 
a  single  calculation,  are  being  compared,  the  duration  of  the 
sampled  portion  of  the  trace  with  negligible  amplitude  that 
occurs  before  the  first  arrival  must  be  constant.  A  general 
approach  which  does  not  require  the  use  of  theoretical 
travel  times  was  chosen  to  determine  windows  in  the  latter 
case.  The  first  and  last  point  in  the  sampling  window  are 
selected  by  bracketing  tire  portion  of  the  seismogram  with 
significant  amplitude  according  to  the  following  algorithm: 

(1)  Set  a  cut-off  value  for  the  amplitude  at  some  fraction  of 
the  i«imum  absolute  value  of  amplitude  in  the 
seismogram  (usually  0.01  or  0.05). 

(2)  Let  the  sample  at  the  location  of  the  maximum  absolute 
value  be  the  first  sample  in  each  of  two  series.  One  series 
proceeds  forward  in  time,  the  other  backward.  Scan  each 
series  until  a  subaeries  of  samples  n  seconds  in  duration,  all 
with  amplitudes  smaller  than  the  cut-off  amplitude,  is  found. 
The  first  point  in  each  of  these  subaeries  defines  an  endpoint 
of  the  seismogram. 

(3)  Calculate  the  rms  amplitude  for  sampling  windows  with 
durations  15,20,25,. ..  ,85  s.  If  the  duration  of  a  sampling 
window  exceeds  the  deration  of  the  seismogram  then  no  rms 
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This  algorithm  yields  a  series  of  rms  amplitude  values  for 
the  selected  set  of  windows.  If  rms  ■— of  the  data 
and  the  synthetics  agree  in  all  windows,  and  waveforms  are 
similar  the  fit  is  considered  to  be  excellent.  When  trends  in 
rms  amplitude  are  discussed,  the  longest  window  common  to 
all  seismngrami  being  studied  will  be  used.  If  rms  amplitude 
trends  change  when  window  length  is  varied  these  changes 
will  be  discussed  since  ■»— ‘■‘■g  the  behaviour  of  the  rms 
amplitude  as  a  function  of  sample  window  length  can  give 
insight  into  the  nature  of  and  the  underlying  reasons  for 
misfit  between  methods. 
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TESTS  OF  ACCURACY:  SH  Lg  MODE  SUM 
INFUT 

The  DCs  are  introduced  to  remove  the  non-physical 
reflections  created  by  the  artificial  grid  boundaries  at  the 
ends  and  bottom  of  the  grid.  Removing  these  reflections 
from  the  portions  of  the  seismogram  of  interest  by  extending 
the  grid  requires  an  increase  in  execution  time  of  between 
30  and  500  per  cent.  As  a  comparison,  the  approximate  BC 
esed  in  this  study  increases  execution  time  by  3-5  per  cent. 
The  BC  used  here  was  suggested  by  Frazier  et  al.  (1973). 
The  average  of  the  rigid  boundary  and  the  free  boundary 
displacements  for  each  constrained  node  is  calculated  at 
each  time  step.  For  a  normally  incident  plane  wave  this 
average  exactly  represents  the  transparent  boundary. 
However  in  practice  the  incident  wavefront  is  neither 
normally  incident  nor  a  plane  wave.  This  means  that  the 
actual  value  at  the  transparent  boundary  is  a  linear 
combination  of  the  rigid  boundary  and  free  boundary 
solutions  whose  coefficients  depend  upon  the  angle  of 
incidence  of  tire  energy.  The  boundary  condition  used  here 
assumes  that  the  average  of  the  two  solutions  will  in  most 
cases  be  the  best  approximation  to  the  transparent  boundary 
that  can  be  simply  implemented. 

A  series  of  tests  were  conducted  to  verify  the  accuracy  of 
the  coupling  method  and  the  efficiency  of  the  transparent 
BCs.  The  tests  used  the  continental  reference  model  and  a 
set  of  90  forcing  functions  calculated  for  a  strike  slip  point 
double  couple  source  at  a  depth  of  8  km  and  a  distance 
X  - 1500  km.  Transparent  BCs  were  applied  to  all  grid 
boundaries  except  the  free  surface  and  the  nodes  to  which 
forcing  functions  were  applied. 

The  results  of  the  accuracy  and  BC  tests  presented  below 
are  illustrated  in  Fig.  5.  A  continental  reference  structure  is 
used  for  both  the  FE  and  PM  portions  of  the  path.  This 
allows  the  direct  comparison  of  the  hybrid  solutions  and  the 


direct  analytical  synthetics  calculated  entirely  with  the  PM 
technique.  Four  separate  calculations  were  performed.  First, 
Lt  mode  sum  direct  analytical  seismograms  for  the  same 
source  used  to  generate  the  C/O  transition  forcing  functions 
were  calculated.  Next,  seismograms  were  generated  using 
the  hybrid  method  in  a  grid  long  enough  (100  x  50  km)  to 
prevent  contamination  from  end  reflections.  Third,  seismo¬ 
grams  were  generated  using  the  hybrid  method  and  a  short 
(50  x  50  km)  grid  with  the  transparent  BC  applied  at  each 
node  on  its  right-most  edge.  Finally,  the  previous  FE 
calculation  was  repeated  without  the  transparent  BCs.  The 
excellent  agreement  between  the  analytical  and  hybrid 
synthetics  verifies  the  validity  of  the  coupling  method 
applied  to  a  layered  half-space.  Small  discrepancies  are  seen 
in  the  higher  frequency  component,  particularly  in  the  first 
20  s  of  the  trace.  In  the  last  trace  of  eimh  group  in  Fig.  5  the 
single  and  multiple  reflections  from  the  grid  edge  are  clear. 
Comparison  of  the  long  grid  and  the  short  grid  with  and 
without  BCs  shows  that  most  of  the  reflected  amplitude  has 
been  removed  by  the  BCs.  The  misfit  is  lower  for  the  longer 
period  component  of  the  traces.  The  significant  misfit  is 
coincident  with  reflections,  and  is  largest  for  the  multiple 
reflections.  Despite  visible  differences  in  waveform  the 
seismograms  shown  in  Fig.  5  have  rms  amplitudes  that  agree 
to  within  less  than  2  per  cent  for  all  rms  window  lengths. 
This  indicates  that  small  changes  in  waveform  may  be 
expected  but  the  rms  amplitudes  of  the  seismograms  should 
be  stable  and  not  significantly  contaminated  by  incompletely 
removed  reflections  from  the  grid  edges.  The  increased 
discrepancies  in  both  waveform  and  amplitude  introduced 
by  the  multiple  reflections  will  be  avoided  in  the  transition 
FE  grids  described  below.  This  reduces  the  discrepancies  in 
rms  amplitude  to  less  than  1  per  cent. 

Reflections  from  the  bottom  edge  of  the  grid  should  also 
be  considered.  The  transparent  BC  can  be  very  ineffective 
for  the  small  angles  of  incidence  seen  at  the  grid  bottom 
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Hgase  i.  Seismograms  recorded  at  the  surface  for  X7  •  1520  and  1540  km.  The  flnt  seismogram  in  each  group  is  s  direct  synthetic,  the  second 
Is  a  hybrid  synthetic  determined  using  the  long  grid  (200  x  100),  the  third  and  fourth  are  hybrid  synthetics  determined  using  s  short  (100  x  100) 
grid  with  and  without  the  transparent  BC,  respectively.  When  the  boundary  condition  is  applied  it  is  applied  only  at  the  right-hand  edge  of  the 
grid.  The  number  beside  each  of  the  hybrid  synthetics  is  the  rms  amplitude  ratio  between  that  hybrid  seismogram  and  the  direct  synthetic, 
ieiamograms  have  been  bandpass  Altered  between  0.01  and  1  Hz  and  have  been  convolved  with  the  short  period  WWSSN  instrument  response. 
Arrival  times  of  the  single  and  multiple  reflections  are  indicated  by  the  arrows  below  each  group  of  aassmgrsmi 
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when  a  distant  source  is  considered  (Regan  1987). 
Fortunately,  in  a  layered  half-space,  where  Lg  waves  can  be 
modelled  as  tbe  superposition  of  multiply  reflected 
past-critical  SH  waves  in  the  crust,  most  of  the  energy  in  the 
SH  type  Lt  waves  should  be  trapped  in  the  crustal  layer. 
The  time  slices  discussed  later  (Figs  6, 12)  show  that  tbe  SH 
type  Lt  waves  propagating  in  a  layer  over  a  half-space  are, 
m  the  most  part,  confined  within  the  layer;  rms  amplitudes 
agree  to  within  less  than  0.1  per  cent  with  and  without  the 
tmttptrent  BCs  (Regan  1987).  However,  the  purpose  of  the 
present  stydy  is  to  examine  the  effects  of  continental- 
ooeanic  boundaries  on  the  transmission  of  Lt  mode  sum 
seismograms.  When  die  crustal  layer  is  thinned  or  thickened 
with  distance,  the  modes  are  no  longer  completely  trapped 
within  tbe  layer.  Energy  can  be  converted  to  modes 
compatible  with  tbe  local  layer  thickness  and  to  other  forms 
including  body  waves  that  can  propagate  into  the  half-space. 
When  the  wave  field  reaches  the  second  layered  structure, 
•odes  not  trapped  within  tbe  new  crustal  layer  will  leak  out 
of  the  layer,  rapidly  at  first,  then  at  a  steadily  decreasing 
rate.  This  implies  that  wide  angle  reflections  of  energy 
"■raping  from  the  crustal  layer  towards  the  bottom 
boundary  of  tbe  grid  could  possibly  contaminate  transition 
calculation  results.  However,  the  model  grids  do  not  extend 
far  enough,  in  the  x  direction,  beyond  the  transition  for  this 
to  be  a  problem.  The  energy  will  encounter  die  rightmost 
end  of  die  grid,  cither  on  the  downgoing  or  the  upgoing 
portior  of  its  path,  rather  than  reaching  a  receiver  at  or  near 
the  surface  as  a  wide  angle  reflection.  Since  a  wavefront 
which  has  a  small  angle  of  incidence  with  the  bottom 
boundary  has  a  large  angle  of  incidence  with  respect  to  the 
end  boundary,  most  of  the  amplitude  of  the  wavefront 
incident  on  the  right-most  end  boundary  will  be  transmitted 
rather  than  reflected.  Therefore,  it  is  removed  from  die 
grid.  Careful  grid  design  will  prevent  significant  contamina¬ 
tion  from  wide  angle  bottom  reflections. 

CHANGES  TO  Lt  WAVETRAINS  ON 
PASSAGE  THROUGH  A  C/O  TRANSITION 
AND  THEIR  DEPENDENCE  ON  L 

When  a  wavefield  consisting  of  SH  Lt  mode  sum  energy 
passes  through  a  C/O  transition  region  such  as  that 
illustrated  in  Fig.  4(a)  several  important  things  happen.  In 
order  to  dearly  explain  these  effects  and  their  variation  with 
L  one  must  think  of  the  wavefield  in  terms  of  an  incident 
wavefield,  a  reflected  wavefield,  and  a  transmitted 
wavefield.  The  transmitted  wavefield  is  then  subdivided  into 
flow  subcomponents  which  will  be  useful  in  explaining  the 
observed  results.  Tbe  entire  wavefield,  or  any  of  its 
components  or  subcomponents  can  be  interpreted  as  either 
a  sum  of  modes  or  a  sum  or  multiply  reflected  SH  rays.  To 
allow  a  dear  definition  of  each  of  these  components  and 
subcomponents  in  terms  of  the  ray  interpretation  tbe 
tHagrams  in  Fig.  6  are  critical. 

Before  each  of  the  three  components  are  defined  the 
notation  ased  in  Fig.  6  must  be  explained.  is  tbe  angle 
between  the  base  of  the  continental  crust  and  the  bottom 
boundary  of  the  crustal  layer  in  the  transition  region.  is 
the  angle  between  the  upper  boundary  of  the  crustal 
layer  and  the  surface  at  z»0.  The  incident  angle  and 
the  angle  of  reflection  for  the  nth  interaction  of  a  ray  with  a 
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boundary  (crust-mantle  boundary,  CMB,  or  crust-ocean 
boundary,  COB)  within  the  transition  will  be  denoted 
Similarly,  tbe  transmission  angle  for  tbe  nth  interaction  of  a 
ray  with  a  boundary,  will  be  denoted  j'm.  As  long  as  the  ray 
remains  in  tbe  transition  region,  j„mi-  n(fei  +  Qc2)  +  pc2, 
where  4>ci m  doc  and  pc2  -  if  the  first  interaction  is  with 
the  COB,  and  4>cl  “  dem  and  pc2  -  doc  if  the  first 
interaction  is  with  the  CMB.  Tbe  angle  of  incidence  is  ;<*.  for 
rays  transmitted  into  tbe  oceanic  crustal  layer,  and  jm  for 
rays  reflected  back  into  tbe  continental  crustal  layer.  When 
the  first  reflection  of  tbe  ray  exiting  the  transition  region, 
from  the  upper  or  lower  boundary  of  either  the  continental 
or  oceanic  crustal  layer,  is  the  nth  reflection  then 
/—  -/oe  -/-  +  doe.  or  /coo  */oc  “/«  +  d—  respectively. 

Tbe  incident  wavefield  is  composed  of  the  trapped  modal 
SH  Lt  energy  arriving  from  the  source,  and  is  complete  and 
an  transformed  only  in  the  region  of  continental  structure.  If 
the  incident  wavefield  within  tbe  continental  structure  is 
viewed  as  a  superposition  of  multiply  reflected  post-critical 
SH  rays  with  a  range  of  incident  angles,  its  components  can 
be  followed  into  the  transition  region.  As  the  wavefield 
passes  through  the  transition  region  tbe  rays  of  which  it  is 
composed  may  each  interact  with  the  COB  or  the  CMB. 
Each  time  a  ray  interacts  with  a  boundary  its  incident  angle 
jm  is  reduced.  A  ray  remains  a  component  of  the  incident 
wavefield  until  an  interaction  with  a  boundary  causes  to 
become  negative  and  the  ray  to  be  turned  back  towards  the 
source.  Thus,  the  incident  wavefield  within  the  transition 
region  is  defined  to  be  the  superposition  of  all  rays  travelling 
towards  the  region  of  oceanic  structure.  A  few  sample  rays 
of  an  incident  wavefield  are  shown  in  Fig.  6(a).  All  rays 
within  the  crustal  layer  of  the  transition  region,  shown  as 
■did  lines,  are  part  of  the  incident  wavefield. 

Tbe  reflected  wavefield  is  composed  of  all  tbe  SH  rays 
which  have  been  turned  back  towards  the  source  by  their 
interaction  with  the  CMB  and  the  COB.  Thus  tbe  reflected 
wavefield  is  a  superposition  of  rays  for  which  /„  has  become 
<0  for  some  previous  interaction  with  a  boundary.  An 
example  of  such  rays  can  be  seen  in  Fig.  6(a).  The  rays 
which  are  part  of  the  reflected  wavefield  are  shown  as  dotted 
lines  within  the  crustal  layer  of  the  transition  region.  The 
reflected  wavefield  travels  aourcewards  through  the  crustal 
layer  of  the  transition  region,  and  the  region  of  continental 
structure.  In  tbe  region  of  continental  structure  the  reflected 
wavefield  can  also  be  conceived  of  as  a  superposition  of 
trapped  and  leading  modes  reflected  from  the  transition 
region. 

Tbe  transmitted  wavefield  is  composed  of  all  tbe  energy 
transmitted  through  tbe  transition  region  into  the  crustal 
layer  of  tbe  region  of  oceanic  structure,  and  all  tbe  energy 
transmitted  into  the  mantle  layer.  Tbe  transmitted  wavefield 
is  divided  into  four  components,  two  in  tbe  mantle  layer, 
one  in  the  crustal  layer,  and  one  in  both  layers  in  the  region 
of  oceanic  structure.  These  components  are  all  easily 
explained  in  terms  of  tbe  SH  ray  interpretation.  Tbe  two 
components  within  tbe  mantle  layer  are  the  forward 
transmitted  wavefield  and  tbe  reverse  transmitted  wavefield. 
Only  energy  crossing  tbe  CMB  into  the  mantle  layer  it 
included  in  these  components.  Tbe  forward  transmitted 
wavefield  is  the  portion  of  tbe  incident  wavefield  which  is 
transmitted  across  tbe  CMB  into  the  mantle  layer  when  tbe 
rays  forming  tbe  incident  wavefield  (rays  with  /'„  >  0) 


J.  Regan  and  D.  C.  Harkrider 


Hft  t  Definition  at  the  components  of  the  wavefield  in  terms  of  the  ray  interpretation,  (a)  shows  examples  of  types  of  rays  which  constitute 
the  incident  wavefield  (solid  rays  in  the  crustal  layer),  the  reflected  wavefield  (dotted  rays  in  the  crustal  layer),  the  forward  transmitted 
wavefield  (solid  rays  in  the  mantle  layer),  and  the  reverse  transmitted  wavefield  (dotted  rays  in  the  mantle  layer),  within  the  transition  region 
(a)  abo  shows  an  example  of  a  type  of  ray  which  constitutes  the  transformed  transmitted  wavefield  (solid  ray  transmitted  through  the  transition 
into  the  crustal  layer  in  the  region  of  oceanic  structure).  Energy  from  the  illustrated  ray  leaks  into  the  mantle  layer  in  the  region  of  oceanic 
Mructure.  Rays  with  post-critical  angles  of  reflection  in  the  crustal  layer  of  the  oceanic  structure  are  produced  similarly,  and  also  constitute 
components  of  the  transformed  transmitted  wavefield.  (b)  shows  the  types  of  rays  which  constitute  the  direct  transmitted  wavefield.  All  such 
rays  travel  through  the  transition  region  without  interacting  with  the  CMB  or  the  COB. 


interact  with  the  CMB.  All  rays,  shown  ns  solid  hoes  in  the 
mantle  layer  of  the  transition  region  of  Fig.  6(a),  are 
components  of  a  forward  transmitted  wavefield.  The 
forward  transmitted  wavefield  is  present  in  foe  transition 
region  and  may  propagate  into  foe  region  of  oceanic 
structure.  The  reverse  transmitted  wavefield  is  foe  portion 
of  foe  reflected  wavefield  which  crosses  foe  CMB  into  foe 
mantle  layer  when  foe  rays  which  form  foe  reflected 
wavefield  (rays  with  /„<  0)  interact  with  foe  CMB.  The 
reverie  transmitted  wavefield  ia  present  in  foe  transition 
region  and  may  propagate  into  foe  region  of  continental 
structure.  Kg.  6(a)  shows  rays  which  form  part  of  a  reverse 
transmitted  wavefield  as  dotted  fines  within  foe  mantle  layer 
of  foe  tfinaition  region.  The  fondly  transmitted  wavefield  is 
•  superpowtion  of  foe  SH  rays  in  foe  foddeat  wavefield  that 
pass  through  foe  crustal  layer  of  foe  tranaitioo  region  and 
into  foe  crustal  layer  of  foe  region  of  oceanic  structure 
without  Interacting  with  foe  CMB  or  foe  COB.  The  rays  are 
flhea  trapped  in  foe  oceanic  crustal  layer.  Some  rays  from  a 
fondly  transmitted  wavefield  an  illustrated  la  Fig.  6(b). 
The  transformed  transmitted  wavefield  is  present  only  in  the 
region  of  oceanic  structun.  It  ia  composed  of  a 
anperpositiem  of  rays  which  have  interacted  with  foe  CMB 


and/or  COB  one  or  more  times  as  they  propagated  through 
foe  transition  region  into  foe  oceanic  crust.  These  rays  have 
values  of  /„  >  0  for  their  last  interaction  with  the  CMB 
and/or  foe  COB  in  foe  transition  region.  The  values  of  jx 
for  then  rays  an  appropriate  for  both  pre -critical  and 
post-critical  reflections.  Pro-critical  reflections  an  equivalent 
to  leaking  modes.  Energy  from  these  modes  is  visible  as 
amplitudes  in  foe  crustal  layer  and  in  foe  mantle  layer.  As 
foe  transformed  transmitted  wavefield  propagates  through 
foe  oceanic  structure  energy  from  these  modes  escapes  the 
oceanic  crust  and  propagates  in  foe  mantle  layer. 
Boat-critical  reflections  correspond  to  trapped  modes  and 
continue  to  propagate  through  foe  oceanic  crustal  layer. 

All  models  used  In  this  portion  of  this  study  have  crustal 
SH  velocity  of  3.5 fans'1,  crustal  density  of  2.7 gem'3, 
mantle  SH  velocity  of  4.5  fan  s'1  and  mantle  density  of 
3.5  g  cm'*.  AD  FE  grids  have  foe  transmitting  BC  applied  to 
all  grid  edges  excepting  foe  free  surface  and  the  surface  on 
which  foe  forcing  functions  an  applied.  AD  calculations  use 
foe  same  set  of  60  forcing  functions  determined  for  a  (trike 
dip  source  at  a  depth  of  8km,  a  distance  of  1500 fan  from 
foe  grid  edge.  Each  of  the  components  of  the  wavefield 
discussed  above  will  be  illustrated  in  the  time  slices  or 


28 


•etsaogruns  for  the  25  km  C/O  transition  region.  These 
time  slices  and  seismograms  are  presented  as  an  example  of 
the  general  transmission  properties  of  simple  transition 
regions.  The  variation  of  such  transmission  properties  with 
L  will  also  be  illustrated.  The  observed  properties  and  their 
variations  with  L  will  then  be  explained. 

A  series  of  time  slices  for  the  25  km  C/O  transition  is 
shown  in  Fig.  7.  In  the  first  time  slice  the  displacements 
entering  the  grid  as  dark,  almost  vertical  bars  are  those 
which  produce  the  largest  peak  to  peak  amplitudes  in  the 
seismograms.  The  second  time  slice  shows  the  tame  high 
frequency  arrivals  alter  they  have  propagated  about  halfway 
through  the  transition  region.  The  maximum  amplitudes 
seen  within  the  transition  region  of  the  third  time  slice  are 
almost  twice  those  seen  in  the  unperturbed  layer  over  a 
half-space  wave  field  teen  in  the  first  two  time  tikes.  So,  the 
plotted  amplitudes  of  all  the  displacements  in  the  third  time 
shoe  havr  been  significantly  reduced  by  scaling,  making  the 
same  disturbances  appear  smaller.  In  the  fourth  time  tike 
the  highest  amplitude  regions  of  the  wave  field  have 
propagated  past  the  right  most  edge  of  the  grid.  The 
maximum  amplitude  is  much  tmaller  to  the  tame 
disturbaLces  appear  to  have  much  larger  amplitudes.  The 
fifth  time  slice  shows  a  further  amplification  of  the 
amplitude  of  the  disturbances  due  to  scaling.  The 
amplification  helps  make  the  highest  amplitude  portion  of 
the  reflected  wavefield  (<5  per  cent  of  incident  amplitude) 
visible  as  a  series  of  broken  vertical  bars  near  the  left-most 
end  of  the  grid.  All  sections  of  the  incident  wavefield  show 
triangular  regions  of  maximum  amplitude  The  extent  of 
each  triangular  region,  in  the  x  direction,  increases  for 
regions  of  the  wavefield  incident  on  the  kft  end  of  the  grid 
at  a  later  time.  The  end  of  the  incident  wavefield  is  seen,  in 
the  fifth  time  slice,  about  midway  between  the  left  grid  edge 
and  the  arrow,  to  the  right  of  the  visible  reflected 
component.  The  C/O  transmitted  wavefield  is  visible  in  the 
last  three  time  slices  as  disturbances  travelling  through  the 
half-space  from  the  CMB  towards  the  right-most  edge  of  the 
grid.  The  reverse  transmitted  wavefield  is  clearly  visible  in 
the  fifth  time  slice,  and  present  in  the  last  three  time  slices, 
as  disturbances  travelling  through  the  half-space  from  the 
CMB  towards  the  grid  bottom  and  the  source.  For  the 
earliest  disturbances  in  the  half-space  the  forward 
transmitted  wavefield  propagates  along  a  path  approxim¬ 
ately  parallel  to  the  crust-mantle  interface  in  the  oceanic 
region,  and  the  reverse  transmitted  wavefield  propagates 
along  paths  nearly  parallel  to  the  CMB.  As  time  progresses, 
the  propagation  paths  of  both  the  forward  and  reverse 
transmitted  wavefield*  approach  the  normal  to  the  CMB. 
Energy  escaping  from  the  through  the  oceanic  crustal  layer 
forms  a  forward  bending  arc  of  higher  amplitudes  in  the 
mantle  half-space.  As  the  high  amplitude  regions  of  the 
forward  transmitted  wavefield  propagate  longer  distances  or 
propagate  along  paths  with  larger  vertical  components,  the 
tails  forming  due  to  leakage  from  the  oceank  crustal  layer 
detach  from  the  forward  transmitted  wavefield. 

Figure  8  shows  seismograms  recorded  at  the  receivers 
along  a  surface  section.  These  seismogram*  illustrate  the 
magnitude  of  the  concentration  of  amplitude  at  the  surface 
of  the  crust  seen  in  the  time  slices,  and  the  change  in  the 
waveforms  as  the  wavefield  passes  through  the  transition. 
Fig.  9(a)  shows  the  variation  of  60s  rms  amplitude  with 


SH  L,  waves  in  and  near  continental  margins 

distance,  XI,  from  the  source  fat  each  of  the  C/O  transition 
FE  calculations.  Amplitudes  produced  using  the  different 
C/O  transition  lengths  are  plotted  at  the  same  scale  and  are 
proportional  to  the  source  strength.  The  numerical  values  of 
amplitude  shown  on  the  amplitude  axis  are  chosen  to  that 
the  ««»T«mnm  value  on  the  axis  is  one.  To  avoid  blank 
spaces  in  the  plots  the  minimum  value  was  not  chosen  to  be 
aero.  The  amplitudes  recorded  at  nodes  along  the  surface  of 
the  crustal  layer  within  each  transition  region  show  a  general 
increase  as  one  moves  from  B  towards  D.  The  duration  of 
the  coda  with  amplitudes  above  one-third  of  the  maximum 
peak  to  peak  amplitude  it  also  increasing.  This  increase  in 
coda  length  supports  the  attribution  of  the  later  portions  of 
tbe  observed  coda  to  diffraction  and  reflection  from  crustal 
structure.  Tbe  to  of  tbe  increase  in  rms  amplitude  is 
■nallest  for  tbe  step  transition  and  increases  as  L  increases. 
Superimposed  on  the  general  increase  is  an  oscillatory  term. 
Tbe  method  of  scaling  tbe  distance  coordinate  within  the 
transition  region,  in  Fig.  9,  makes  the  coincidence  of 
■"■rim*  and  minima  at  approximately  the  same  fraction  of 
the  transition  length  for  all  L’t  considered  very  dear. 
Increases  in  amplitude  before  reaching  distance  B  are  due  to 
energy  reflected  from  the  transition  boundaries  back 
towards  tbe  source.  Tbe  amplitude  increase  near  B  is  largest 
for  a  step  transition  and  decreases  as  L  increases.  The 
fluctuations  in  amplitude  following  tbe  transition  region 
show  that  tbe  wavefield  has  not  completely  adjusted  to  the 
oceanic  structure  in  the  few  kilometres  beyond  the  transition 
regions  illustrated  in  this  figure. 

Figure  10  shows  seismograms  recorded  on  depth  sections 
at  distances  B  and  D.  Fig.  11  shows  the  variation  of  55  s  rms 
amplitude  with  depth  at  several  distances.  The  seismograms 
shown  in  Fig.  10(b)  are  recorded  at  tbe  depth  of  the  surface 
of  tbe  oceank  crustal  layer.  They  show  a  50  per  cent 
increase  in  amplitude  as  the  energy  travels  from  B  to  D. 
They  also  show  that  the  amplitude  of  the  coda  becomes  a 
larger  portion  of  the  maximum  peak  to  peak  amplitude,  that 
is  the  envelope  of  the  coda  decays  more  slowly  at  D  than  at 
B.  An  increase  in  rms  amplitude  (20  per  cent)  and  a  slower 
coda  decay  is  also  seen  if  the  free  surface  seismograms  at  B 
(Fig.  10a)  and  D  (Fig.  10b)  are  compared.  Tbe  seismograms 
recorded  at  tbe  nodes  at  the  depth  of  the  bottom  of  the 
oceanic  crustal  layer  (Fig.  10c)  show  a  small  decrease  in  rms 
amplitude  across  the  transition.  Comparing  Fig.  11(b)  and 
(d)  tbe  increase  at  the  surface  of  tbe  oceanic  crust  and  the 
decrease  at  the  base  of  the  oceank  crust  are  dear  for  all 
transition  lengths.  Examination  of  seismograms  at  tbe  nodes 
at  distances  B  and  D  with  depths  between  Fig.  10(b)  and  (c) 
•bows  that  tbe  amplitude  increase  between  B  and  D  is 
largest  at  the  surface  of  tbe  crust  and  decreases  rapidly 
towards  the  base  of  the  crust.  This  statement  is  supported  by 
the  amplitudes  illustrated  within  the  crust  in  Figs  11(b)  and 
(d).  These  amplitudes  in  Fig.  11  form  a  summary  subset  of 
many  measurements.  Comparison  of  tbe  seismograms  at  B 
and  D  in  Figs  10(d)  and  (e)  show  that  the  amplitudes  of  the 
seismograms  at  depths  below  tbe  base  of  tbe  oceanic  crust 
are  decreased  by  passage  through  tbe  transition  region,  from 
B  to  D.  Tbe  transmitted  waveforms  are  similar  to  the 
incident  waveforms.  The  reduction  in  transmitted  amplitude 
increases  as  depth  increases.  The  latter  observation  is  more 
obvious  when  tbe  amplitude  venu*  depth  plots  in  Figs  11(b) 
and  (d)  are  compared.  Figs  11(a)  and  (b)  shows  that  small 
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flpn  ~  Tm*  like*  recorded  during  the  25  kr  rIO  transition  calculation  The  craetal  layer  aad  the  each  and  bottom  of  the  FE  grid  which 
coouin  it  art  outlined  Displacements  are  graphically  represented  by  symbols  plotted  at  ao  array  of  points  depicting  the  node*  in  the  FE  grid. 
Thereof  the  symbol  plotted  at  the  node  is  increased  aa  the  absolute  value  of  the  displacement  iacreates,  producing  darker  areas  where  larger 
dtaplaeemeiits  are  ocorntag.  Each  of  the  tee  dices  is  tetf  scaled,  that  is  the  larged  value  of  the  abaohite  value  of  amplitude  in  the  grid  is  set  to 
the  largest  symbol  size  A  minimum  amplitude  cut-off  of  2  per  cent  is  defined  below  which  no  symbol  is  plotted.  Sixty  forcing  functions  were 
need  The  time  since  the  initiation  of  the  FE  calculation  is  shown  above  the  right  end  of  each  grid.  The  arrow  above  a  time  slice  shows  the 
location  to  which  the  disturbances  moving  at  3.3  km  s'1,  seen  at  the  left  end  of  the  previous  time  slice,  have  moved  in  the  intervening  duration. 
The  number  above  and  to  the  left  of  each  time  shoe  is  the  seating  factor  to  bring  that  time  shoe  to  the  same  amplitude  as  the  first  shoe. 

30 


Hp»  •.  Surface  section  of  lekanogrtm*  recorded  for  a  25  km  C/O  transition  calculation .  The  numbers  to  the  left  of  each  seismogram 
the  locadon  of  the  node  at  which  that  seuaogram  is  recorded.  Sefemogram  1  was  recorded  at  B,  seismogram  11  at  D.  The  numbers  increase  a* 
one  moves  farther  from  the  entree.  The  spacing  between  receiver!  in  the  transition  root  it  uniform.  The  numbers  above  the  right  end  of  each 
acfcmognm  give  the  60s,  rate  amplitude  of  that  seismogram. 


amplitudes  are  wen  at  depths  below  the  continental  crustal 
layer.  A  large  discontinuity  in  amplitude  occurs  at  the  haw 
of  the  continental  crust.  Fig.  11(c)  shows  that  this 
daoootuurity  remains  at  the  depth  of  the  haw  of  the  crustal 
layer  within  the  transition  region.  Fig.  11(c)  also  shows  that 
the  amplitudes  in  the  mantle  layer  within  the  transition 
legion  are  maximum  immediately  below  the  CMB,  and 
decay  rapidly  with  depth  below  that  boundary.  Fig.  11(d) 
•bows  that  the  amplitude  of  the  transmitted  seismograms,  in 
the  mantle  layer  above  the  depth  of  the  base  of  the 
continental  crust,  at  D,  decreases  as  L  increases.  Below  the 
depth  of  the  hew  of  the  continental  crust  amplitudes  at  D 
increase  as  L  increases.  At  distances  E  and  F  (Figs  lie  and 
f),  Anther  from  the  transition  region,  the  magnitudes  of 
these  mads  decrease.  These  observations  are  further 
support  for  the  observation  that  as  L  increases  larger 
energies  are  transmitted  ecroas  the  CMB  and  that  these 
energies  propagate  downwards  more  rapidly. 


The  triangular  pattern  of  maximum  amplitudes  in  the 
wavefields  (Fig.  7)  can  easily  be  explained.  Consider  the  SH 
Lt  energy  in  the  crustal  layer  as  a  superposition  of 
post -critically  reflected  multiple  SH  wave  reflections.  The 
critical  angle  is  about  51*.  Since  the  wavefront  is 
perpendicular  to  the  ray,  the  wavefronts  that  are  visible  as 
the  triangular  regions  of  maximum  amplitudes  should  show 
angles  of  incidence  with  the  bottom  boundary  of  the  crustal 
layer  of  between  0*  and  39*.  These  are  indeed  the  incident 
angles  the  wavefronts  in  the  time  slices  (Fig.  7)  are  observed 
to  exhibit.  Near  the  front  of  the  wavefield  the  dominant 
angles  of  incidence  are  near  0*.  that  is  the  regions  of 
maximum  amplitude  are  almost  vertical.  Later  in  the 
wavefield  the  dominant  angles  of  incidence  increase  causing 
the  widening  triangular  patterns  of  maximum  amplitude. 
The  increase  in  width  of  the  triangular  regions  corresponds 
to  a  decrease  in  group  velocity  which  can  be  translated  to  a 
decrease  in  period  and/or  a  larger  contribution  from  higher 
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Tl|«t  9.  Varutjon  in  nns  ratface  amplitude  with  distance,  XI,  from  the  Manx  for  (a)  each  C/O  tmmtioa  calculation  (60s  tins),  and  for  (b) 
each  O/C  transition  calculation  (50s  nns);  tins  amplitude  is  the  y  coordinate.  The  two  vertical  tines  labelled  B  and  D.  indicate  the  limits  of  the 
transrtioo  region.  Outside  the  transition  region  the  scale  is  uniform.  The  distance  scale  (x  coordinate)  in  the  transition  region  is  different  for 
each  L.  Within  the  transatkm  region  all  disances  are  plotted  with  respect  to  an  origin  at  B,  as  fractions  of  L.  Each  line,  labelled  with  the  L  it 
represents,  was  generated  using  nns  measurements  at  intervals  of  5km  along  the  crustal  surface. 


modes.  The  later  parts  of  the  seismogram  are  predominantly 
higher  mode  energy. 

The  growth  in  amplitude  for  seismograms  at  crustal 
surface  nodes  as  distances  range  from  B  to  D  can  be 
explained  in  terms  of  energy  concentrated  in  the  thinning 
crustal  layer  of  the  transition  region.  As/,  decreases  toward 
aero  for  successive  it's,  the  reflection  points  at  the 
boundaries  in  a  transition  region  are  separated  by  smaller 
horizontal  distances  (Fig.  6a).  This  implies  that  the  density 
of  rays  will  increase  as  the  crustal  layer  thins,  thereby 
producing  higher  amplitudes.  An  aqua)  concentration  would 
be  expected  at  the  CMB  if  no  energy  ns  transmitted  across 
that  boundary.  In  fact,  for  a  model  with  the  tame  geometry 
hut  with  the  auntie  half-space  replaced  by  water  to  disallow 
transmisrioo  across  the  CMB,  an  amplification  of  75  per 
cent  is  observed  at  both  boundaries.  However  for  continent 
ocean  boundary  models,  as  /„  and  thus,  j'm,  decrease  the 
dhpUrrment  traaemiariou  coefficient, 

T(j  )■ - —  PtVffi - 

Increases.  When  more  energy  is  concentrated  at  the  CMB 
more  energy  is  transmitted  across  h.  The  escape  of  energy 
Born  the  crustal  layer  to  form  the  transmitted  wavefleld  also 


explains  the  distribution  of  amplitude  with  depth  within  the 
crustal  layer  of  the  transition.  The  amount  of  concentration 
of  amplitude  increases  as  the  distance  from  the  CMB 
increases  and  the  effects  of  the  energy  escaping  across  it 
become  weaker. 

Extending  the  above  arguments  explains  the  increase  in 
the  amount  of  concentrated  energy,  the  increase  in  the 
magnitude  of  the  transmitted  wavefleld,  and  the  decrease  in 
the  amplitude  of  the  reflected  wavefleld  as  L  increases.  Figs 
12(a)  and  (b)  show  a  pair  of  ray  diagrams  for  a  25  km  C/O 
transition  region,  Figs  12(c)  and  (d)  shows  a  similar  pair  of 
ray  diagrams  for  a  100  km  C/O  transition.  These  diagrams 
are  useful  when  explaining  the  trends  observed  in  the  results 
presented  above,  and  their  dependence  on  L.  Comparing 
Figs  12(a)  and  (c)  or  (b)  and  (d)  shows  that  as  L  increases 
the  angles  and  decrease  causing  /,  to  decrease 
more  riowty  and  allowing  the  number  of  reflections,  m, 
within  e  transition  to  increme.  When  L  increases, 
increase  in  m  causes  an  increase  in  ray  density  and  explains 
the  increase  in  concentrated  amplitude  at  the  COB.  When  L 
increases,  by  the  same  arguments,  the  amount  of  energy 
concentrated  at  the  CMB  also  focream  The  transmission  of 
this  energy  acrocs  the  CMB  causes  the  amplitude  of  the 
transmitted  wavefleld  to  increase  as  L  increases.  It  should 
be  noted  that  formating  L  reduces  the  rate  at  which  the 
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flgare  It.  Depth  lections  of  seismograms  recorded  at  B  and  D  for  a  25  km  C/0  transition  calculation.  The  numbers  above  the  right  end  of 
cadi  seismogram  show  the  60  s  rms  amplitude.  Successive  rows  show  pairs  of  receivers  at  increasing  depths,  (a)  shows  receivers  at  the  depth  of 
the  surface  of  the  continental  crust,  (b)  shows  receivers  at  the  depth  of  the  surface  of  the  oceanic  crust,  (c)  shows  receivers  at  the  depth  of  the 
base  of  the  oceanic  crust,  (d)  shows  receivers  midway  between  (c)  and  (e),  (e)  shows  receivers  at  the  depth  of  the  base  of  the  continental  crust. 


crustal  thickness  changes,  so  at  a  given  distance  from  the 
beginning  of  a  transition  region  the  change  in  amplitude 
transmitted  across  the  CMB  per  unit  horizontal  distance 
becomes  smaller  as  L  increases.  However,  integrated  over 
the  entire  length  of  the  transition  region  the  amount  of 
energy  transmitted  across  the  CMB  increases.  Since  the 
amount  of  amplitude  concentrated  at  the  COB  and  thus 
transmitted  into  the  oceanic  crustal  layer,  and  the  amount  of 
energy  concentrated  at  the  CMB  and  thus  transmitted  across 
the  CMB  both  increase  as  L  increases  the  amplitude  of  the 
reflected  wavefield  must  decrease  as  L  increases.  Let 
aetsmogram  A  be  a  hybrid  seismogram  recorded  on  depth 
section  A  (Fig.  4)  in  a  C/O  transition  calculation.  Let 
seismogram  B  be  the  hybrid  seismogram,  recorded  during 
the  continental  reference  calculation,  at  the  same  depth  and 
distance  from  the  source  as  seismogram  A.  The  reflected 
component  is  measured  by  analysing  the  component  which 
remains  when  seismogram  B  is  subtracted  from  seismogram 


A.  Reflected  amplitudes  measured  in  this  manner  show  a 
dear  decrease  as  L  increases. 

Figure  12  can  be  used  to  explain  bow  and  why  the 
direction  of  propagation  of  the  forward  and  reverse 
transmitted  wave  fields  varies  as  time  progresses.  When  the 
arrivals  of  the  highest  group  velocity  reach  the  CMB  the 
resulting  forward  transmitted  wavefield  travels  along  a  path 
approximately  parallel  to  the  crust  half-space  interface  in 
the  oceanic  structure,  and  the  resulting  reverse  transmitted 
wavefield  travels  along  a  path  almost  parallel  to  CMB.  The 
incident  angles  /„  are  maximum.  As  |/J  for  a  given  n,  and 
the  group  velocity,  decrease  the  values  of  j'm  decrease.  Thus, 
the  propagation  direction  of  both  transmitted  wavefields 
approach  the  nonnal  to  the  CMB.  As  L  increases  larger 
values  of  a  are  possible  within  the  transition  region.  For 
each  value  of  a  a  transmitted  wavefield  is  created  at  the 
CMB.  Therefore,  the  range  of  propagation  directions  seen 
at  a  given  time  increases  as  L  increases. 
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Hpw  11.  Variation  at  53 1  mi  amplitude  with  depth  oo  depth  sections  A,  B,  C,  D,  E.  of  Fig.  4,  and  F.  located  10 km  beyond  E,  for  each 
C/O  transition  awdel.  Each  plot  Bustratct  results  for  one  depth  season  The  letter  at  the  upper  left  of  each  plot  identifies  the  location  of  the 
depth  section.  Amplitudes  for  the  surface  node  and  nodes  equally  spaced  down  the  depth  section  (Ar  ■  2.3  km)  are  shown.  The  two  solid 
horieontsl  Maes  on  each  diagram  show  the  base  sad  top  of  the  crustal  layer  at  the  location  of  the  depth  section.  If  only  one  solid  line  is  present 
then  it  indicases  the  base  of  the  crust.  In  this  ease  the  surfaoe  of  the  crust  is  at  the  top  of  the  vertical  axis. 


The  magnitude  variations  of  the  directly  transmitted 
sravefield  and  the  transformed  transmitted  wavefield  can 
also  be  easily  explained.  Let  the  thickness  of  the  oceanic 
crust  be  7^,  and  the  thickness  of  the  continental  crust  be 
T_  For  reflections  immediately  preceding  the  beginning 
of  the  transition  region  some  rays  (f  >  90  -  arctan  (( Tmaom  - 
Tm*, )IL])  can  propagate  through  the  transition  region 
without  interacting  with  either  the  CMB  or  the  COB.  These 


rays,  which  form  the  directly  transmitted  wav^mld, 
continue  to  bounce  with  the  same  post-critical  angles  of 
incidence  at  the  crust-mantle  interface  and  the  free  surface 
as  they  did  in  the  continental  structure.  They  represent  the 
energy  transmitted  through  the  transition  directly,  without 
changes  in  period  or  phase  velocity.  For  these  rays  no  mode 
conversion  has  occurred  and  no  energy  has  been  converted 
to  other  phases.  These  rays  form  the  unchanged  components 
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ngwc  12.  Dlustraboo  of  ray  paths  within  a  25  and  a  100  km  C/O 
transition  structure.  Diagrams  are  drawn  to  acalc.  Each  diagram 
shows  rays  with  angles  of  incidence,  i,  55*.  65*.  and  75*.  at  the  free 
surface  and  crust-mantle  interface  in  the  continental  portion  of  the 
model.  These  angles  sample  the  possible  range  of  post-critical 
incident  angles  (>51*).  The  incident  angle,  /„,  and  the  transmission 
angle,  /«,  at  the  crustal  boundaries  in  the  transition  regions  are 
labelled  The  upper  diagram  in  each  pair  shows  propagation  paths 
for  rays  that  encounter  the  CMB  before  the  COB.  The  lower 
diagram  shows  propagation  paths  for  rays  that  encounter  the  COB 
before  the  CMB.  The  arrows  indicate  the  direction  of  propagation 
of  the  wavefront  along  the  ray. 


of  the  eigenfunctions  defining  each  mode.  The  range  of 
angles,  i,  over  which  the  direct  transmission  ocurs  decreases 
as  L  increases.  Thus,  more  unconverted  energy  is 
transmitted  through  shorter  transitions.  In  contrast,  the 
transformed  transmitted  wavefield  is  composed  of  rays 
which  interact  with  the  CMB  or  COB  before  being 
transmitted  into  the  oceanic  crustal  layer.  Such  rays  show 
changes  in  group  velocity  that  indicate  modal  conversions 
are  occurring.  Energy  is  also  converted  into  other  phases  as 
it  escapes  across  the  CMB  to  become  part  of  the  forward 
transmitted  wavefield.  As  discussed  above,  the  energies 
transmitted  into  the  oceanic  crustal  layer  and  across  the 
CMB  both  increase  as  L  increases.  As  L  increases,  this 
increased  transmitted  energy  is  partially  counteracted  by  the 
effects  of  decreased  transmission  of  unconverted  energy. 
This  helps  explain  why  the  differences  due  to  L  are  small. 

The  diagrams  in  Fig.  12  demonstrate  why  energy  crosses 
the  crust-mantle  interface  in  the  oceanic  structure  following 
the  transition,  why  this  transmitted  energy  is  maximum  near 
the  transition  and  decreases  as  the  distance  from  the 
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transition  increases,  and  why  this  transmitted  energy 
increases  as  L  decreases.  The  paths  illustrated  in  the  second 
25  km  transition  outline  show  one-way  modes  which  are  not 
of  appropriate  frequencies  to  be  trapped  within  the  oceanic 
crustal  layer,  enter  that  layer.  Analogous  paths  for  rays 
which  interact  first  with  the  CMB  or  rays  which  interact 
multiple  times  with  the  crustal  boundaries  in  the  transition 
region  also  exist.  All  such  rays  produce  rays  at  pre -critical , 
/o,.  <  51°,  angles  within  the  oceanic  crust.  For  any  such  ray, 
the  transmission  coefficient  at  each  successive  reflection 
from  the  crust-mantle  interface  is  T(joJ-  Thus,  the 
proportion  of  reflected  amplitude  remaining  in  the  crust 
after  the  nth  bounce  is  Am  ■  [1  -  rO'ocJJM,  where  A  is  the 
original  amplitude.  Clearly,  die  amount  of  escaping  energy 
decreases  with  distance.  For  a  shorter  transition  for  a 
given  i,  is  smaller.  Thus,  a  larger  range  of  angles  ;«<5i0 
are  produced  for  each  path  through  the  shorter  transition. 
This  means  a  higher  density  of  pre-critical  rays  and  higher 
amplitudes  in  and  escaping  from  the  oceanic  crustal  layer  of 
shorter  transitions. 

The  use  of  the  interpretation  of  Lt  waves  in  terms  of 
multiply  reflected  SH  rays  to  explain  the  F£  results  has  been 
instructive.  However,  the  many  interacting  effects  involved 
in  determining  the  properties  of  the  reflected,  converted, 
and  transmitted  wavefields  would  be  extremely  difficult  to 
predict  using  this  approach.  Thus,  the  FE  method  is 
necessary  to  determine  which  effects  are  important  and 
which  need  not  be  considered. 

CHANGES  TO  L,  WAVETRAINS  PASSING 
THROUGH  AN  O/C  TRANSITION  REGION: 
THEIR  DEPENDENCE  ON  L 

Next  we  will  consider  the  passage  of  a  wavefield  consisting 
of  SH  type  Lg  mode  sum  energy,  which  has  already  passed 
through  a  continental  region  followed  by  a  C/O  transition 
region  of  50  km  length,  through  an  O/C  transition.  An 
example  of  an  O/C  transition  is  illustrated  in  Fig.  4(b). 
Propagation  through  such  an  O/C  transition  has  several 
effects  on  the  wavefield.  Results  of  the  calculations  for 
propagation  through  a  50  km  O/C  transition  will  be 
presented  in  detail  so  as  to  illustrate  these  effects.  The  O/C 
transition  tests  using  a  variety  of  L’t  will  be  summarized  to 
illustrate  bow  these  effects  depend  on  L.  The  noted  effects 
and  their  variations  with  L  will  be  explained.  The  set  of 
forcing  functions  used  to  drive  the  O/C  FE  calculations 
were  recorded  during  the  FE  calculation  for  die  50  km  C/O 
model. 

Before  proceeding  to  these  discussions  the  errors 
introduced  due  to  the  truncation  inherent  in  coupling  the 
C/O  transition  FE  results  into  the  O/C  transition  grid 
should  be  mentioned.  The  finite  vertical  extent  of  nodes 
driven  by  forcing  functions  at  the  left-most  edge  of  the  O/C 
transition  grid  will  cause  a  vertical  truncation  of  the 
incoming  wavefield.  Also,  any  reflections  included  in  the 
seismograms  recorded  for  use  as  forcing  functions  will  be 
added  to  the  forward  propagating  wavefield  in  the  O/C 
calculation.  These  effects  tend  to  increase  the  amplitudes  at 
the  surface  of  the  oceanic  layer  near  the  left  end  of  the  grid. 
The  uncertainties  introduced  by  the  coupling  process  appear 
to  Increase  the  amplitudes  in  the  second  grid  by  as  much  as 
3  per  cent.  Therefore,  they  could  possibly  lead  to  a  slight 
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underestimate  of  the  magnitude  of  the  attenuation  effect,  In  the  fifth  time  slice  they  have  exited  the  grid.  The 
bat  ibouid  not  lead  to  a a  overestimate.  maxim  am  amplitude  in  a  given  time  slice  decreases  with 

A  series  of  time  slices,  shown  in  Fig.  13,  illustrates  the  FE  time  in  the  third  to  fifth  time  slice.  The  maximum 

calculation  results  tor  the  30  km  long  O/C  transition.  The  amplitudes  in  the  transition  region  decrease  as  the 

highest  amplitude  concentrations  visible  in  the  first  four  wavefront  proceeds  through  the  transition  region.  Thus, 

slices  correspond  to  the  maximum  amplitudes  in  the  normalizing  by  the  largest  amplitude  in  each  slice  causes 

seismograms  illustrated  in  Fig  14.  The  first  two  time  slices  identical  disturbances  to  increase  in  extent  and  intensity  in 

illustrate  the  wave  field  travelling  through  the  oceanic  successive  shoes.  Triangular  regions  of  maxima  can  be  seen 

structure.  The  third  time  slice  illustrates  the  passage  of  the  in  the  oceanic  crust  but  they  are  not  nearly  so  dear  as  those 

highest  amplitude  portions  of  the  wavefield  through  the  seen  in  the  continental  crust  of  the  C/O  transition.  The  third 
transition  region.  In  the  fourth  time  slice  these  highest  and  fourth  time  slices  clearly  show  that  the  energy  which 

amphtude  regions  appear  at  the  right-most  end  of  the  grid.  was  previously  trapped  in  the  oceanic  crustal  layer 


100  km 

Hgsre  U.  Thee  shoes  recorded  during  the  SO  km  O/C  trenutioo  calculation.  Details  are  identical  to  Fig.  7.  40 1  rms  amplitudes  tie  shown 
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distributes  itself  throughout  the  crustal  layer  as  it  passes 
through  the  transition  region  and  the  region  of  continental 
structure.  The  amplitudes  remain  much  larger  near  the 
surface,  and  decay  rapidly  with  depth.  The  fifth  time  slice 
show  triangular  regions  maximum  amplitude  are  beginning 
to  appear  in  the  continental  structure.  Further  propagation 
in  z  is  necessary  before  the  wavefield  becomes  folly  adjusted 
to  the  new  layering  in  the  region  of  continental  structure. 

The  disturbances  seen  in  the  half -space  of  the  oceanic 
region  of  the  O/C  transition  grid  contain  significant  energy. 
Examining  the  time  shoes  shows  that  for  a  subset  of  these 
disturbances,  equivalent  to  the  forward  transmitted 
wavefield  thsenssed  earlier,  the  x  component  of  translation 
in  the  half-space  is  increasing  for  successive  groups  of 
disturbances.  This  is  due  to  the  interactions  at  the  CMB  in 
the  C/O  transition  as  explained  ear tier.  It  is  more  visible  in 
these  time  slices  than  the  C/O  transition  time  shoes  due  to 
the  increased  distance  from  the  CMB.  It  is  dear  that  these 
packets  of  amplitude  are  translated  rapidly  enough  in  x  that 
some  wifi  pass  into  the  half-space  below  the  continental 


crustal  layer  before  they  reach  the  O/C  transition  region. 
Thus,  the  energy  contained  within  them  escapes  the  system 
and  is  not  reconverted  to  Lt  energy  when  the  wavefield 
passes  through  the  O/C  transition.  The  amount  of  energy 
escaping  from  the  system  in  this  manner  increases  as  L,  or 
the  length  of  the  intermediate  oceanic  path,  increases. 

Figure  14  shows  a  surface  section  of  seismograms  for  s 
SO  km  O/C  transition.  Fig.  9(b)  shows  the  variation  of  55  s 
tins  amplitude  with  distance,  XI,  from  the  source  for  each 
of  the  O/C  transition  FE  calculations.  A  decrease  in  rms 
amplitudes  is  teen  as  one  moves  along  the  surface  of  the 
oceanic  crustal  layer  approaching  the  transition  region.  This 
decrease  is  dear  for  short  rms  windows  and  almost  vanishes 
for  window  length  of  65 1  or  more.  This  indicates  that  the 
portion  of  the  coda  with  amplitudes  comparable  to 
the  maximum  amplitude  is  decreasing  in  length,  that  is,  that 
the  rate  of  coda  decay  is  Superimposed  on  this 

slow  decrease  in  amplitude  is  an  oscillatory  term  with 
amplitude  approximately  15  per  cent  of  the  mean  amplitude 
at  the  surface  in  the  oceanic  structure.  The  rms  amplitudes 
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Dpn  IS.  Variation  of  33»  ti  smpliturtt  with  depth.  Dnaih  are  ae  captained  in  FI*.  11. 


recorded  at  nodes  along  die  surface  of  the  crustal  layer 
within  each  O/C  transition  region  decrease  as  one  moves 
from  B  towards  D.  The  size  of  this  decrease  is  smallest  for 
the  step  transition  and  increases  as  L  increases.  The  rate  of 
decay  shows  some  tendency  to  become  nailer  towards  the 
end  of  the  transition.  The  superimposed  oscillations  seen  in 
the  O/C  transition  results  are  much  smaller  than  those  seen 
in  the  C/O  transition  results.  They  appear  to  be  confined 
■ear  the  beginning  of  the  transition  region.  The  oscillation 
in  amplitude  following  die  transition  region  shows  that  the 
wavefield  has  not  folly  adjusted  to  the  continental  structure 
In  the  few  kilometres  beyond  the  transition  regions 


illustrated  in  Fig.  9(b).  Additional  results  which  are  not 
illustrated  show  the  tins  amplitude  continues  to  decrease 
afowty  until  the  wavefield  readjusts  to  the  new  continental 
structure. 

Figure  15  shows  the  variation  of  55s  rms  amplitude  with 
depth.  At  the  depth  of  the  surface  of  the 


layer  propagation  through  the  transition  reduces 
amplitude  by  more  than  a  factor  of  two,  and  the 
peak  amplitude  by  25  per  cent.  This  indicates 


duration  and  amplitude  of  the  coda  are  decreasi 


rapidly  than  the  amplitude  of  the  largest  arrival. 
between  the  surface  of  the  continental  crest  and  i 
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of  the  oceanic  crust  amplitude  decreases  with  depth.  Then 
energy  incident  on  die  MCB  is  largely  transmitted  across  the 
MCB  into  the  crustal  layer.  Some  of  this  energy  eventually 
escapes  across  the  CMB  in  the  region  of  continental 
structure.  The  amplitudes  below  the  crustal  layer  of  the 
transition  region  decrease  slowly  with  depth  or  even 
increase  with  depth.  An  increase  of  amplitude  with  depth 
below  the  crustal  layer  indicates  that  energy  is  travelling 
down  towards  the  grid  bottom  and  out  of  the  system  being 
considered. 

Most  of  die  energy  incident  on  the  MCB  is  transmitted 
across  it.  Thus,  in  the  last  four  time  slices,  the  reflections 
from  the  MCB  are  not  easily  distinguished  from  the  later 
portions  of  the  incident  wavefield.  The  pattern  of 
displacements  seen  in  the  oceanic  half-space  is  distorted 
when  the  energy  producing  it  is  transmitted  across  the 
MCB.  The  uppermost  portion  of  a  disturbance  crosses  the 
boundary*  first  and  begins  to  move  more  slowly.  The 
remainder  of  the  disturbance,  still  in  the  mantle  layer 
continues  to  move  with  die  mantle's  foster  velocity.  As  the 
disturbance  moves  through  the  length  of  the  transition,  an 
wv-ry»Mng  proportion  of  it  moves  into  the  crustal  layer.  This 
results  in  a  slope  being  superimposed  on  the  portion  of  the 
disturbance  which  has  propagated  back  into  the  crustal 
layer.  The  slope, 
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increase.  Therefore,  no  energy  originally  trapped  in  the 
oceanic  crust  is  transmitted  across  the  MCB,  or  reflected 
back  towards  the  source. 

Observations  indicate  that  the  length  of  the  intermediate 
oceanic  path  between  the  C/O  and  O/C  transitions  is 
important.  The  results  of  this  study  suggest  some  reasons 
why  this  is  so.  For  short  paths  energy  transmitted  into  the 
mantle  layer  has  little  time  to  travel  towards  the  bottom  of 
the  grid  and  thus  out  of  the  region  of  consideration  before 
much  of  it  passes  back  into  the  crustal  layer  in  the  O/C 
transition  region.  This  implies  that  there  may  be  a  critical 
length  of  intermediate  oceanic  path  beyond  which  enough  of 
the  energy  has  escaped  from  the  region  of  interest  that 
amplitudes  of  the  attenuated  Lt  recorded  after  the  O/C 
transition  would  be  reduced  sufficiently  to  explain  the 
observed  data.  To  completely  analyse  this  assertion  requires 
the  use  of  the  RT  coupling  method  for  continuing  FE 
calculations  through  a  plane-layered  structure  using  RT 
integration  and  PM  Green's  functions.  The  accuracy  of  the 
numerical  implementation  of  this  method  must  be 
established  before  such  calculations  can  be  presented. 
Therefore,  the  discussion  of  the  numerical  implementation 
of  this  method  and  of  the  results  examining  the  effects  of  the 
intermediate  path  length  in  the  oceanic  structure  will  be  left 
for  other  papers. 


Slope< 


UVm-Vc) 


is  dependent  on  L,  the  velocity  in  the  crustal  layer,  vt,  and 
tiie  velocity  in  the  mantle,  vM.  The  slope,  in  this  case  about 
tan  52*.  is  observed  easily  in  both  the  second  and  third  time 
slices.  It  is  also  seen  in  the  fourth  and  fifth  time  slices. 
However,  in  these  time  slices  the  amplitude  incident  from 
the  oceanic  crustal  layer  dominates  that  transmitted  from 
the  oceanic  mantle  layer  making  observation  of  the  slope 
more  difficult.  If  a  realistic  Q  model  were  included  the 
energy  travelling  through  the  half -space  would  be 
attenuated  foster  than  the  energy  travelling  through  the 
crustal  layer.  However,  since  the  energy  incident  from  the 
oceanic  crustal  layer  dominates  in  the  highest  amplitude 
portions  of  the  trace,  the  increased  attenuation  in  the 
half-space  should  not  be  important  in  this  study. 

The  effect  of  the  O/C  transition  region  on  the  energy 
previously  travelling  in  the  oceanic  crustal  layer  will  now  be 
discussed.  Concentrations  of  amplitude  incident  from  the 
oceanic  crustal  layer  travel  up  the  surface  of  the  OCB.  As 
they  propagate  up  the  OCB  the  lower  edge  of  the  amplitude 
concentrations  are  no  longer  constrained  by  the  lower  edge 
of  the  oceanic  crustal  layer.  Consequently  the  energy  can 
migrate  downwards  towards  the  depth  of  the  base  of  the 
continental  crustal  layer.  This  diffusion  of  energy  can  be 
using  a  mechanism  which  is  the  convene  of  that 
used  to  explain  the  concentration  of  energy  in  the  C/O 
transition.  The  incident  angle  for  the  ray  perpendicular  to 
each  wavefront,  jn,  increases  as  n  increases.  Subsequent 
reflection  points  are  separated  by  larger  horizontal  distances 
producing  a  dilution  in  ray  density  and  thus  a  decrease  in 
amplitude.  However,  there  is  an  important  difference  that 
sfanpMfos  the  analysis  of  the  O/C  transition.  Incident  angles, 
/,,  for  all  rays  trapped  in  and  travelling  through  the  oceanic 
crustal  layer  are  greater  than  SI*.  For  n  >  1  these  angles 


CONCLUSIONS 

This  paper  presents  a  discussion  of  the  propagation  of  Lt 
along  partially  oceanic  paths  and  the  attenuation  of  Lt  due 
to  propagation  through  the  transition  regions  between  the 
continental  and  oceanic  portions  of  these  paths.  The 
transition  regions  are  modelled  by  a  crustal  layer  with 
smoothly  varying  thickness  which  connects  the  continental 
and  oceanic  structures.  The  results  will  be  discussed  in  three 
parts.  First,  propagation  through  the  transition  from 
continental  to  oceanic  structure.  Then,  propagation  through 
the  oceanic  structure  and,  finally,  propagation  through  the 
transition  from  oceanic  to  continental  structure. 

The  effects  produced  when  a  SH  Lt  mode  sum  wavefield 
is  propagated  through  a  continent  to  ocean  (C/O)  transition 
region,  and  their  dependence  on  the  horizontal  extent  of 
that  transition  region,  L,  will  now  be  summarized. 
Amplitudes  at  the  surface  of  the  crust  and  in  the  crust  are 
amplified  by  as  much  as  50  per  cent  as  the  wavefield  passes 
through  the  transition  region  from  the  continental  structure 
to  the  oceanic  structure.  These  amplitude  increases  in  the 
crustal  layer  have  been  explained  by  the  increased  ray 
denrity  in  the  thinning  crustal  layer.  The  amount  of 
amplification  increases  as  L  increases.  Increased  numbers  of 
reflections  within  a  longer  transition  region,  cause  an 
increase  in  ray  density,  explaining  the  increase  in  energy  as 
L  increases.  Amplification  is  maximum  at  the  surface  and 
decreases  with  depth  until  the  base  of  the  oceanic  crust  is 
reached.  In  the  transition  region  energy  is  transmitted  across 
the  boundary  between  the  crustal  layer  and  the  mantle  layer 
(the  CMB)  but  not  across  the  boundary  between  the  crustal 
layer  and  the  ocean  layer  (the  COB).  Thus,  the 
amplification  is  maximum  at  the  COB  and  decays  as  the 
CMB  is  approached  and  the  effects  of  energy  transmitted 
across  the  CMB  increase.  The  amount  of  energy  transmitted 
across  the  CMB  increases  as  L  increases.  The  translation 
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direction  of  the  forward  transmitted  wave  field  has  a  larger 
vertical  component  later  in  the  seismogram  when  it 
approaches  the  normal  to  the  CMB.  Thus,  for  a  longer 
transition,  with  a  smaller  and  thus  a  more  horizontal 
CMB,  the  path  length  in  the  oceanic  structure  will  have  a 
larger  vertical  component.  This  will  allow  the  transmitted 
energy  to  escape  the  system  more  readily  as  L  increases. 

After  the  wavefield  has  travelled  through  the  transition 
region  it  travels  through  a  region  of  oceanic  structure.  While 
travelling  in  this  oceanic  region  additional  energy  escapes 
from  the  crustal  layer.  This  leakage  is  largest  near  the  end  of 
the  transition  region  and  decreases  with  distance  away  from 
it.  The  size  of  the  decrease  in  amplitude  is  controlled  by  the 
energy  in  wavefronts  propagating  through  the  oceanic 
crustal  layer  with  pre -critical  angles  of  incidence.  At  each 
successive  reflection  of  such  a  wavefront  at  the  crust 
half -space  interface  in  the  oceanic  structure,  a  fraction  of 
the  pital  amplitude  remaining,  T(Joc)  »  transmitted  across 
the  interface.  Thus,  the  total  amplitude  of  this  component 
decays  most  rapidly  in  the  first  kilometres  of  the  oceanic 
structure  while  the  incident  wave  still  has  significant 
amplitudes. 

After  propagating  through  the  oceanic  region,  the 
wavefield  propagates  through  an  ocean  to  continent  (0 1C) 
transition  region.  As  the  wavefield  travels  through  the  O/C 
transition  region  the  surface  amplitude  decreases  rapidly. 
The  energy  forming  the  concentrations  of  amplitude 
previously  t...  ped  in  the  oceanic  crustal  layer  travels  up  the 
boundary  between  the  oceanic  and  crustal  layers  (OCB)  in 
the  transition  region  while  spreading  throughout  the  depth 
extent  of  the  crustal  layer.  The  maxima  in  these  regions 
remain  at  the  surface.  The  amplitude  decreases  rapidly  with 
depth  down  to  he  crust-mantle  interface.  The  amplitude 
incident  upon  me  boundary  between  the  mantle  layer  and 
the  crustal  layer  (MCB)  in  the  O/C  transition  region  from 
the  oceanic  half-space  is  transmitted  across  it  with  a 
resulting  distortion  in  the  wavefield.  The  form  of  this 
distortion  is  the  superposition  of  a  slope, 

on  to  the  disturbance  incident  at  the  MCB  after  it  has 
passed  into  continental  crustal  layer. 

Finally,  •ttcuu-tion  of  Lt  propagating  along  a  mixed  path 
with  si  pie  transition  regions  and  an  oceanic  path  length  of 
147  km,  is  not  sufficient  to  explain  the  observed  values.  The 
higfest  attenuations  observed  produced  a  reduction  of  a 
factor  of  two  to  three  in  amplitude.  Observations  of  the 
trends  due  to  varying  L  indicate  that  a  longer  C/O  transition 
could  increase  the  attenuation.  But,  even  using  the  optimal 
L  attenuatici  of  more  than  a  factor  of  four  would  not  be 
expected.  Thus,  other  factors  and/or  more  complex 
atructures  must  be  considered  to  explain  the  observed 
attenuation  of  Lt  along  mixed  paths. 
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SUMMARY 

In  this  paper  the  methods  for  representation  theorem  coupling  of  finite-element  or  finite 
difference  calculations  and  propagator  matrix  method  calculations  (Harkrider)  are  developed. 
The  validity  and  accuracy  of  the  resulting  hybrid  method  are  demonstrated.  The  resulting 
hybrid  technique  can  be  used  to  study  the  propagation  of  any  phase  that  can  be  represented 
in  terms  of  an  SH  mode  sum  seismogram,  across  regional  transition  zones  or  other 
heterogeneities.  These  heterogeneities  may  exist  in  regions  which  form  subsegments  of  a 
longer,  mostly  plane-layered,  path.  Examples  of  structures  of  interest  through  which  such 
waves  can  be  propagated  using  these  techniques  include,  regions  of  crustal  thickening  or 
thinning  such  as  continent-ocean  transitions  or  basins,  anomalous  bodies  of  any  shape 
located  in  the  path,  and  sudden  transitions  from  one  layered  structure  to  another.  Examples 
of  the  types  of  phases  that  may  be  propagated  through  these  structures  include  Love  waves, 
Lt,  Sm,  and  S,. 

Key  words:  coupling,  non-homogeneous  paths,  representation  theorem,  seismograms 


1  INTRODUCTION 

The  hybrid  method  is  simple  in  concept.  The  propagation 
path  is  divided  into  plane-layered  segments,  and  non-planc- 
layered  segments.  The  non-plane-layered  segments  may 
contain  arbitrary  structures.  The  propagator  matrix  (PM) 
technique  is  used  to  propagate  the  disturbance  through  the 
plane-layered  segments  and  the  finite  element  (FE)  or  finite 
difference  (FD)  method  is  used  to  propagate  it  through  the 
uoo-piane-layeTed  segments.  The  source  is  assumed  to  lie 
within  a  plane-layered  region.  Since  neither  coupling 
technique  (PM  to  FE  or  FE  to  PM)  provides  a  complete 
solution  if  it  is  applied  at  the  physical  boundary  between 
plane-layered  and  non-plane -layered  regions,  the  FE  or  FD 
grid  must  contain  not  only  the  complex  region  but  also 
segments  at  each  of  the  plane-layered  structures  which 
adjoin  the  ends  of  the  complex  region.  Reflections  from  the 
complex  structure  within  the  grid  must  be  carefully 
ooondcrod  when  designing  the  grid  (Regan  1967)  to  ensure 
that  their  effects  are  included  in  the  final  solution.  The 
wavefield  it  propagated  from  the  source  to  the  boundary  of 
the  FE  or  FD  grid  containing  the  first  complex  region  using 
Ihe  PM  method.  The  method  used  to  transmit  the  wavefield 
across  the  boundary  into  the  FD  or  FE  grid  containing  the 
noo-plane-layered  region  is  straightforward  (Regan  A 
Harkrider  1969;  Regan  1987).  The  wavefield  is  then 


propagated  through  the  non-plane-layercd  region  using  the 
FE  or  FD  method.  Next,  the  wavefield  can  be  transmitted 
•cross  the  boundary  between  the  FD  or  FE  grid  containing 
the  non-plane-layered  region  and  the  remainder  of  the 
second  plane-layered  region  using  the  representation 
theorem  (RT)  integration  coupling  method  developed  in  this 
paper.  This  sequence  of  procedures  can  be  repeated  any 
number  of  times  so  that  any  number  of  non-plane-layered 
regions  can  be  included  in  the  source  to  receiver  path.  The 
RT  integration  coupling  method  uses  a  2-D  Cartesian  finite 
element  formulation.  Analogous  methods  for  the  3-D  case 
follow  directly. 

Many  methods  have  been  used  to  model  the  propagation 
of  seismic  disturbances  across  regions  of  varying  structure 
such  as  transition  zones.  The  types  of  models  that  have  been 
used  to  approximate  transition  regions  can  be  separated  into 
several  types  which  are  illustrated  in  Fig.  1. 

The  simplest  type  of  model  (Fig.  Is)  consists  of  two 
homogeneous  layered  regions,  11',  and  3  3'  separated  by  a 
vertical  boundary  or  a  region  2  2’  in  which  elastic  properties 
vary  smoothly.  Sato  (1961a)  derives  analytical  expressions 
for  the  transmitted  and  reflected  waves,  the  phase  and  group 
velocities,  and  evaluates  the  approximate  reflection  and 
transmission  coefficients  (R  and  T)  in  each  case.  More 
recently,  Kennett  (1973)  has  developed  a  numerical 
technique  for  solving  the  problem  of  seismic  waves 
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flfwt  1.  Types  of  models  used  in  studies  of  propagation  of  Love 
waves  across  continent-ocean  boundaries,  in  order  of  increasing 
complexity;  (a)  shows  two  homogeneous  layered  regions,  1  and  3, 
separated  by  an  intermediate  region,  2,  in  which  elastic  properties 
vary  smoothly  between  their  values  in  regions  1  and  2;  (b)  shows  a 
layer  over  a  half-space  with  a  step  change  in  the  thickness  of  the 
layer;  (c)  shows  a  model  with  a  smooth  change  in  thickness,  either 
at  the  surface  or  the  Moho;  (d)  shorn  a  model  with  a  smooth 
change  in  thickness  both  at  the  surface  and  the  Moho.  The 
variations  in  (a),  (c),  and  (d)  occur  in  a  transition  region  of  length 
L 

interacting  with  a  layer  or  layers  in  which  properties  change 
across  a  surface  perpendicular  to  or  at  a  specified  angle  from 
the  layering. 

The  next  level  of  model  complexity  is  the  inclusion  of  a 
change  in  the  thickness  of  the  surface  layer  at  the 
discontinuity  between  the  two  structures  (Fig.  lb).  Sato 
(1961b)  obtained  analytical  solutions  and  thus  approximate 
expressions  for  R  and  T  for  the  special  case  of  a  surface  step 
with  height  h  much  less  than  the  wavelength  of  the  incident 
wavefield.  Hudson  A  Knopoff  (1964)  obtained  expressions 
for  more  general  surface  step  models.  Alsop  (1966) 
developed  an  approximate  method  for  determining  R  and  T 
which  assumes  that  all  energy  remains  in  Love  waves. 
Gregersen  4k  Alsop  (1974,  1976)  used  an  extended  form  of 
the  method  of  Alsop  (1966,  1968)  to  show  that  normal 
incidence  is  a  good  approximation  for  oblique  incidence  at 
angles  of  incidence  of  less  than  40s.  Bose  (1975)  used  an 
integral  equation  formulation  to  yield  asymptotic  solutions 
at  large  distances  from  the  step  consistent  with  results 
derived  for  the  step  models  by  Regan  &  Harkrider  (1989) 
using  the  PM  to  FE  coupling  technique  that  forms  part  of 
the  overall  hybrid  technique.  Kazi  (1978a,  b)  uses  a 
variational  method  to  show  that  T  increases  after  the  cut-off 
frequency  when  the  conversion  of  Love  waves  to  body 
waves  at  the  surface  step  is  considered.  Earlier  studies  by 


Alsop  (1966)  and  Knopoff  A  Hudson  (1964)  showed  that  T 
decreased  when  the  body  waves  were  neglected.  Martel 
(1980)  used  a  FE  technique  to  evaluate  propagation  of  Love 
waves  across  a  Moho  step.  Spatial  filtering  of  the 
transmitted  and  reflected  modes  to  determine  transmission 
and  reflection  coefficients  allowed  the  isolation  of  the 
diffracted  body  wave  component.  The  modal  filtering 
technique  discussed  in  this  paper  would  provide  a  simple 
way  to  do  such  decompositions  on  FE  or  FD  results 
determined  for  any  complex  structures.  Also  these 
structures  would  not  need  to  be  near  the  end  of  the 
propagation  path  as  is  the  case  with  a  pure  FE  or  FD  type 
calculation. 

Studies  using  the  surface  step  model  and  the  Moho  step 
model  have  been  generalized  in  several  ways.  We  will 
discuss  only  one,  replacing  the  step  by  a  transition  region 
(Fig.  lc).  Knopoff  &  Mai  (1967),  and  Knopoff  ei  aJ.  (1970) 
explained  an  analytical  solution  for  models  of  type  (lc) 
when  the  slope  of  the  surface  (or  Moho)  in  the  transition 
region  is  small.  Pec  (1967)  calculated  the  dispersion  of  Love 
waves  propagating  in  a  wedge-shaped  layer.  Boore  (1970) 
used  FD  to  study  the  propagation  of  a  simple  low  frequency 
Love  wave  across  a  transition  region  (Fig.  lc).  He  noted 
that  in  the  region  of  the  transition  mode  conversions  and 
conversion  to  other  types  of  waves  were  important.  Lysmer 
A  Drake  (1971,  1972)  and  Drake  (1972),  use  a  FE  method 
based  on  Zienkiewicz  A  Cheung  (1967)  which  includes  a 
rigid  grid  bottom  and  thus  allows  no  energy  to  escape  the 
grid.  The  formulation  also  requires  that  the  incident  modal 
energy  is  exactly  equal  to  the  sum  of  the  reflected  and 
transmitted  modal  energy.  Conversion  to  body  waves  is  seen 
as  a  distortion  of  the  modal  eigenfunctions.  Lysmer  & 
Drake  (1971)  use  this  method  to  study  the  effect  of  a 
transition  of  type  lc,  or  Id,  on  the  incident  fundamental 
mode  Love  wave  energy.  They  attribute  the  differences 
between  their  results  and  those  of  Boore  (1970)  to  body 
wave  interference  in  Boore's  results.  However,  conversion 
to  body  waves  and  escape  of  those  body  waves  from  the 
system  defined  by  the  finite  element  grid  play  an  important 
role  in  understanding  the  propagation  of  waves  across 
regional  variations  in  structure  (Regan  A  Harkrider  1989). 
So,  in  fact,  the  method  of  Lysmer  A  Drake  (1972)  with  its 
distorted  eigenfunctions  might  be  interpreted  to  be  the 
method  containing  body  wave  interference.  Thus,  the 
approach  used  by  Boore  (1970)  and  the  approach  used  in 
the  present  study  will  provide  more  physical  insight  into  the 
processes  of  attenuation  along  complex  paths.  The  method 
of  Lysmer  A  Drake  (1971)  also  includes  a  method  for 
calculating  inode  participation  factors*.  These  measure  the 
ratio  of  the  energy  of  a  single  mode  seismogram  incident  on 
the  complex  region  and  the  resulting  energy  of  each  single 
mode  exiting  the  complex  region.  Similar  ratios  can  be 
determined  using  the  Green's  function  filtering  technique 
presented  in  the  present  study.  Both  methods  are  based  on 
the  Love  wave  orthogonality  relations.  Drake  A  Bolt  (1980) 
used  the  method  of  Lysmer  A  Drake  (1972)  to  study 
fundamental  mode  Love  waves  normally  incident  on  the 
California  continental  margin.  They  conclude  that  the  ocean 
continent  boundary  strongly  increases  the  attenuation  of 
fundamental  mode  Love  waves,  as  Regan  &  Harkrider 
(1989)  suggest. 

All  the  studies  discussed  in  the  previous  paragraph  used 
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periods  much  longer  than  those  that  will  be  considered  in 
the  following  discussions.  Most  previous  studies  considered 
transition  regions  with  lengths  comparable  the  wavelength 
of  die  incident  energy.  The  shorter  periods  used  in  this 
study  allow  the  examination  of  the  effects  of  transition 
regions  with  lengths  many  times  the  wavelength  of  the 
incident  energy.  Of  all  previous  studies  mentioned  above 
only  Kennett  A  Mykkeltveit  (1984)  and  Bouchon  (1981, 
1982)  have  generated  realistic  seismograms,  the  Utter  at 
regional  distances  only.  Instead,  most  studies  concentrated 
on  measuring  phase  velocities  and  transmission  and 
reflection  coefficients  for  individual  modes.  In  this  study  the 
input  energy  is  in  the  form  of  seismograms  containing  a  sum 
over  a  range  of  modes  for  fundamental  and  overtone  Love 
waves.  This  approach  produces  a  realistic  output  seismo¬ 
gram  which  can  be  filtered  and  decomposed  to  yield  the 
transmission  and  reflection  coefficients  if  they  are  needed.  In 
light  bf  these  facts  it  is  clear  that  the  results  derived  using 
the  method  developed  in  the  present  paper  can  provide  a 
significant  improvement  in  the  understanding  of  the 
propagation  of  Lg  waves  and  other  phases  that  can  be 
expressed  in  terms  of  mode  sum  seismograms. 


2  THE  RT  INTEGRATION  METHOD  FOR 
FE  TO  rM  COUPLING 

To  clearly  explain  the  method  used  to  couple  finite  element 
and  propagator  matrix  methods,  it  is  useful  to  first  discuss 
some  of  the  foundations  on  which  each  method  is  based, 
and  to  explain  the  basic  concepts  inherent  in  the  use  of  the 
representation  theorem.  In  Section  2.1  the  representation 
theorem  will  be  discussed,  and  the  assumptions  that  lead  to 
the  form  of  the  representation  theorem  used  in  this  study 
will  be  presented.  The  theory  used  to  derive  the  version  of 
the  PM  technique  used  in  the  present  study  is  explained  in 
detail  by  Harkrider  (1964).  The  notation  and  the  basic 
concepts  of  the  PM  technique  needed  to  explain  the 
representation  theorem  integration  coupling  technique 
developed  in  the  present  paper  are  summarized  in  Section 
2.2.  The  FE  method  used  in  this  study  is  an  extensively 
modified  version  of  the  stress  waves  in  solids  code  (Frazier, 
Alexander  A  Petersen  1973).  The  result  is  an  explicit  time 
domain  FE  method  using  a  rectangular  grid,  and  the 
hourglass  correction  terms  which  the  rectangular  grid 
necessitates  (Kosloff  A  Fra tier  1978;  Regan  1987).  The  FE 
anetbod  can  be  driven  by  a  source  distant  from  the  finite 
dement  grid,  as  outlined  by  Regan  A  Harkrider  (1989). 
Displacement  or  stress  time  histories  can  be  recorded  at  any 
node  or  element  centre  in  the  grid.  Given  these  time 
histories  further  details  of  the  particular  implementation  of 
the  FE  method  are  not  important  to  the  understanding  of 
the  coupling  technique.  Tlte  implementation  of  the  RT 
coupling  technique  will  be  discussed  in  Section  2.3.  A 
method  for  determining  the  accuracy  of  the  RT  coupling 
results  will  be  presented  in  Section  2.4.  A  method  for  modal 
Green’s  function  filtering  of  finite  element  or  hybrid  results 
is  developed  in  Section  2.4.  Finally,  in  Section  3,  all  aspects 
of  the  method  are  tested  using  a  simple  model  which  enables 
the  calculation  of  PM  synthetics  for  direct  comparison  to  the 
hybrid  results. 


2.1  The  repreeeatadoa  theorem  awd  Green’s  tactions 

The  basis  of  the  method  used  to  couple  the  results  of  a  finite 
element  calculation  into  the  PM  calculation  is  the 
application  of  the  representation  theorem  on  the  boundary 
between  the  regions  in  which  each  method  is  used.  The 
representation  theorem  relates  the  displacement  at  any 
point,  {,  in  a  volume  V  to  the  body  forces  f  acting  within  V 
and  to  the  displacements  u,  and  the  tractions  T,  acting  on  the 
surface  S  of  V.  There  are  many  equivalent  ways  of 
expressing  the  representation  theorem,  for  example  (Aki  A 
Richards  1980,  eq.  2.41) 

0mJ  tit  JJf  fi( C,  x )Glp(z,  t  -  r;  {,  0)  </V(£) 

+ L dx  l  I  (Gtp(x’  t~ri1 0)rMi  T)- n,] 

-  G*,(x,  l  -  r;  {, 0)u,($,  r)/.,)  dS({)  (1) 

where  f  is  the  location  of  a  point  on  5,  x  the  location  of  a 
receiver  in  V,  ur(t,t)  is  the  p  component  of  the 
displacement  at  time  r  at  x,  r  is  the  observation  time,  r  is 
the  source  time,  nt  is  the  jth  component  of  the  outward 
unit  normal  to  S,  7)[u({,  r),  ny)  «=  r^n, ■ (ut  J  +  uy  ,)n,  and 
U/(f,  r)  are  the  boundary  conditions  specifying  stress  and 
displacement  as  a  function  of  source  time  r  for  all  points  ( 
on  S,  and  is  the  Green’s  function  which  represents  the 
displacement  in  the  ith  direction  at  x  at  time  r  due  to  a  unit 
impulse  applied  in  the  pth  direction  at  position  (  at  time  r. 

The  general  form  of  the  representation  theorem  given 
above  is  not  suitable  for  demonstrating  how  the  coupling  of 
the  FE  and  PM  methods  is  accomplished.  To  transform  it  to 
a  more  manageable  form  it  is  assumed  that  no  body  forces 
are  present  within  volume  V,  and  that  the  medium  is 
isotropic.  Applying  both  conditions  allows  the  repre¬ 
sentation  theorem  to  be  written  as  follows. 

0-Jm  tit  jj  {G* xv  +  XGf,,u/ 

+  MG*.,  +  G„j»,  dS(S)  (2) 

where  all  derivatives  are  with  respect  to  ( 

For  the  case  of  SH  waves  only,  eq.  (2)  can  be  further 
amplified  to 

«,(x,  »m[titJJ  p((s){GBu2k  +  G0i^2)n»  dS({),  (3) 

For  the  2-D  SH  solutions  at  x  in  V,  eq.  (3)  is  integrated 
from  -®  to  »  over  the  variable  (2.  The  representation 
theorem  becomes  (de  Hoop  19S8) 

«a(«. 0-f  <fr£fi(£,){rau2>  +  rSi*Kj}n*  dC(tu  {,) 

«) 

where  C  is  the  curve  defined  by  the  intersection  of  the 
surface  5  with  the  X|-x2  plane,  fi(£})  is  the  rigidity  at  the 
depth  and  the  half-space  Green’s  functions  rB  and  the 
forcing  functions  u2(|,,  t)  satisfy  the  initial  conditions 

«a"«2.*-r22-r22.*-0  tsx  (5a) 
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«2-»0  as  {-*»  (5b) 

and  the  boundary  conditions, 

at  x«0.  (Sc) 

Following  the  notation  of  de  Hoop  (1958)  the  half-space 
Green’s  function  is 

/£(K.s;f)«  3 

m2^plKo(Sa/fi)  +  K'*sa*iP)] 

where  a±  «  V(*i  -  £i)z  +  (*  ±  £j)z.  To  compare  this  form 
for  the  Green’s  functions  with  the  forms  of  the 
displacements  used  in  the  test  of  this  discussion  it  is  first 
necessary  to  transform  equation  (6)  from  the  Laplace 
transform  domain  to  the  Fourier  transform  domain. 
Applying  the  change  of  variables,  s  « iw,  and  transforming 
the  modified  Bessel  functions,  K0,  into  Hankel  functions 
gives 

?£(*,  to;  {)  -  +  HfXk'a-)).  (7) 

This  form  is  analogous  with  the  displacement  solution  for 
the  line  source  in  a  half-space: 

5;(*,  w)  -  u ;(r,  *,z)-y  [H«\k,a+)  +  H^\kfia~ )]. 

(8) 

Thus, 

®7(r-  z)  -  -  2*p/^(x,  0  (9) 

and  the  displacement  Green’s  function  can  be  calculated  in  a 
manner  similar  to  the  displacement  solution.  The  line  source 
displacements  and  the  line  source  Green’s  functions  differ 
only  by  a  multiplicative  factor  of  -2rr#i. 


L2  The  propagator  matrix  technique 

To  implement  the  representation  theorem  integration 
coupling  algorithm  for  coupling  finite  element  results  into 
propagator  matrix  calculations  it  is  first  necessary  to  obtain 
and  evaluate  expressions  for  the  displacement  and  stress 
seismograms  and  the  stress  and  displacement  Green’s 
functions  used  in  the  representation  theorem  integral 
(equation  4).  Evaluation  of  displacement  and/or  stress 
Green’s  functions  (J^,  ra.  „  T^  j)  is  necessary  in  all 
applications  of  the  RT  integration  coupling  method 
regardless  of  whether  the  forcing  functions  are  FE  results, 
analytical  stress  and  displacement  seismograms  evaluated 
using  PM  or  other  techniques,  or  stresses  and  displacements 
from  other  sources.  However,  the  PM  stress  seismograms 
are  used  in  the  following  discussions  only  as  an  example  of  a 
well-defined  and  easily  evaluated  form  of  forcing  functions. 
Using  a  single  plane-layered  model  for  all  segments  of  the 
path  and  stress  and  displacement  PM  seismograms  (B^, 


pC7I>  as  forcing  functions  produces  RT  integration 

results  (hybrid  seismograms)  which  may  be  directly 
compared  with  synthetics  generated  using  only  a  single  PM 
calculation.  Synthetics  generated  for  comparison  to  hybrid 
results  by  using  a  single  PM  calculation  will  be  referred  to  as 
pure  propagator  matrix  seismograms  (PPM). 

For  the  SH  problem  in  Cartesian  coordinates  the 
expressions  that  need  to  be  considered  are  for  7*22.  ^22.1- 
J22.S'  ®2>  ^*y>  and  577.  For  the  geometry  (Fig.  2)  used  to 
couple  surface  waves  from  a  finite  element  grid  into  a 
layered  medium,  through  which  the  waves  will  be 
transmitted  by  convolution  with  propagator  matrix  gener¬ 
ated  Green’s  functions  only  the  7^,  7^.,,  &7,  and  977  are 
used.  However,  and  3J7  will  also  be  derived  for 
completeness.  Should  the  geometry  change  so  that  it  would 
be  necessary  to  integrate  over  a  horizontal  surface  such  as 
the  bottom  of  the  grid  then  /i24  and  377  would  also  be  used. 

The  stresses  722,1.  T^j,  577,  and  377  can  be  expressed  in 
terms  of  spatial  derivatives  of  displacements.  Evaluating  the 
numerical  derivative  gives  a  reasonable  approximation  to 
the  desired  stress  values.  However,  a  more  direct,  and  more 
efficient,  method  for  determining  the  values  of  the  stresses  is 
to  evaluate  the  analytical  expression  for  each  stress  derived 
from  the  corresponding  analytical  displacement  expressions. 
The  displacement  and  stress  expressions  for  double-couple 
sources,  bne  sources,  and  line  source  Green’s  functions  are 
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figure  2.  Geometry  of  FE  to  PM  coupling  The  two  long  horizontal 
lines  show  the  free  surface  and  the  boundary  between  a  layer  and  a 
half -space  The  short  vertical  and  horizontal  bncs  show  the 
boundaries  of  the  finite  element  grid.  The  FE  grid  continues  off  the 
figure  to  the  left.  The  open  circles  within  the  grid  and  along  its 
bottom  boundary  represent  nodes  in  the  finite  element  grid.  The 
•olid  aides  represent  element  centres  where  the  forcing  functions 
«,(()  and  ol2(0  are  recorded  during  the  FE  calculations  The 
integration  path  of  the  representation  theorem  integral.  C.  is 
illustrated  as  the  dosed  curve  FGHF.  The  arrows  at  G  and  H 
indicate  that  the  x,  -x  coordinate  at  H  and  the  *s“  z  component  at 
G  both  tend  to  infinity.  The  Urge  dot  within  contour  G  denotes  a 
receiver.  The  lines  connecting  the  element  centres  (filled  dots)  and 
this  receiver  denote  the  line  source  Green’s  functions  which 
propagate  the  forcing  functions  to  the  receiver.  The  tine  FG  denotes 
the  boundary  between  the  ‘complex'  region  to  iu  left,  and  the 
‘wnple’  region  to  iu  right.  The  finite  element  grid  extends  into  the 
'dmple'  region  to  provide  numerical  subility. 
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presented  in  terms  of  propagator  matrix  notation  in  the 
Appendix.  The  evaluation  of  these  expressions  is  accompl¬ 
ished  using  a  generalized  version  of  Hmkrider’s  (1964)  PM 
codes.  The  general  form  of  the  expressions  and  the 
propagator  matrix  notation  used  in  the  remainder  of  the 
present  paper  are  summarized  below. 

The  basic  idea  behind  the  propagator  matrix  method  as 
implemented  by  Harkrider  (1964,  1970)  is  to  transmit  the 
disturbance  produced  by  a  source  within  a  layered 
half-space  structure  through  that  structure  by  combining 
terms  that  describe  the  source,  the  medium  response,  and 
the  propagation  effects.  The  terms  that  apply  the  effects  of 
the  propagation  path  in  the  z  direction  are  in  the  form  of 
propagator  matrices.  For  source  and  receiver  both  at  depth, 
they  are  separated  into  two  parts,  the  propagation  in  z  from 
the  source  to  the  surface,  and  the  propagation  in  z  from  the 
surface  to  the  receiver.  An  additional  propagation  term  adds 
the  effect  of  the  propagation  in  the  r  coordinate.  In  most 
cases  the  general  form  of  a  modal  displacement  at  a  receiver 
at  depth  is 


v(r,  d.  z)«Sdt 


%(*)]  [*«(*)]  p 
V0  J//L  V0  J  H 


(10) 


where  S  is  a  function  of  the  source  strength  and  geometry, 
d/.  represents  the  medium  response  for  a  surface  source  and 
a  surface  receiver,  P  expresses  the  propagation  effects  in 
direction  r. 


[»*(*)] 

L  W0  J  H 


is  the  term  for  transmitting  the  disturbance  from  the  source 
depth  to  the  surface  which  because  of  reciprocity  can  be 
expressed  as  a  modal  propagator  from  the  surface  to  the 
source  depth  h,  and 


H 


is  the  propagator  from  the  surface  to  the  receiver  depth. 
The  subscript  H  denotes  homogeneous,  that  is  independent 
of  and  not  containing  a  source.  The  terms  within  the  square 
brackets  represent  matrix  quantities,  not  ample  ratios.  If 
the  source  is  a  stress  source  rather  than  a  displacement 
source  then 

L  V0  J  M 

is  replaced  by 

*!.  [  r*(*)1 
p(h)  Uo/<xV 

where  p(h)  is  the  rigidity  at  the  depth  of  the  source.  If  stress 
rather  than  displacement  is  to  be  recorded  at  the  receiver, 
then 

I  W0  iff 
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m  replaced  by 

fr*(*n 

p(z)  L i)JcLlH 

where  z  is  the  depth  of  the  receiver. 


24  FE  to  PM  eeupttag 

In  the  present  study,  a  simple  geometry,  consisting  of  the 
same  layer  over  a  half -space  for  all  segments  of  the  path,  is 
used  as  a  test  case  to  illustrate  the  method  and  assess  its 
accuracy.  The  geometry  of  the  simple  problem  is  illustrated 
in  Fig.  2.  The  coupling  of  FE  seismograms  into  a  layered 
media  through  which  they  are  transmitted  by  the  PM 
technique  and  the  application  of  the  representation  theorem 
is  accomplished  by  direct  evaluation  of  the  representation 
theorem  integral  as  given  in  equation  (4).  The  evaluation  of 
the  representation  theorem  integral  on  the  contour,  FGH 
(Fig.  2),  wall  be  discussed  in  three  parts.  First,  the  quantities 
used  in  the  evaluation  of  the  representation  theorem 
integral  on  the  subsegment  FG  of  the  contour,  FGH,  will  be 
discussed.  Then,  the  procedure  used  to  estimate  the  value  of 
this  integral  along  FG  will  be  explained.  Finally,  it  will  be 
shown  that  the  contributions  to  the  representation  theorem 
integral  from  integration  along  segments  GH  and  HF  of  the 
contour,  FGH,  are  zero. 

Before  the  particulars  of  the  integration  procedure  can  be 
discussed,  each  of  the  quantities  in  equation  (4)  must  be 
defined.  The  integration  surface  for  the  segment  FG  is  a  line 
with  the  x -coordinate  held  constant,  only  the  terms 
generated  by  setting  in  equation  (4)  need  to  be 
considered.  Thus,  the  quantities  of  interest  are,  p,  uy,  oxy, 
Ij2t  and  J^,i.  The  displacement  and  stress  seismograms  at 
die  element  centres,  illustrated  as  dots  in  Fig.  2,  are 
recorded  during  the  FE  calculation.  The  element  centre 
displacement  uy,  and  die  element  centre  stress,  oxy,  are 
used  as  the  u2  and  pn2>,  terms,  respectively.  Line  source 
Green’s  functions  are  calculated  for  the  transmission  of  a 
unit  line  displacement,  applied  at  each  of  the  element 
centres  illustrated  as  dots  in  Fig.  2,  to  the  receiver  point. 
These  displacement  and  stress  Green’s  functions,  calculated 
using  the  PM  method,  are  the  ru,  and  p/^,  terms  in 
equation  (4). 

The  representation  theorem  integral  is  evaluated  using 
trapezoidal  rule  numerical  integration  of  equation  (4)  along 
segment  FG  of  contour  FGH.  The  displacement  and  stress 
seismograms,  and  the  displacement  and  stress  Green’s 
functions  are  time  aeries.  The  time  spacing  between 
successive  points  in  each  time  aeries  is  the  time  step 
duration,  At,  used  in  the  FE  calculation.  Similarly,  the 
distance  between  integration  points  along  the  integration 
surface  is  Az,  the  grid  spacing  within  the  finite  element  grid. 
It  should  be  remembered  that  the  terms  rnu2  k  and  rz 2i4u2, 
in  the  representation  theorem  integral,  equation  (4),  are 
convolutions.  Thus,  the  products  of  the  Green’s  func'Jons 
and  FE  results,  and  fja,* fij.  ***  calculated  in  the 

Fourier  transform  domain,  then,  inverse  Fourier  trans¬ 
formed  into  the  time  domain  and  summed.  Integration 
along  the  segment  FG  of  the  contour,  FGH,  is 
approximated  by  numerically  integrating  along  the  subseg¬ 
ment  FF,  of  die  segment  FG,  and  assuming  that  the 
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contributions  to  the  integral  from  the  remainder  of  segment 
FG  are  negligible.  The  assumption  tbat  no  significant 
contribution  is  made  by  integration  along  segment  F,G  can 
be  justified  for  the  case  where  F,  is  cfaosen  so  tbat  the 
earliest  possible  arrival  of  energy  from  a  source  at  depth  F, 
is  later  than  the  last  arrival  in  the  seismogram  being 
considered.  The  uncertainties  introduced  when  this  criterion 
is  not  satisfied  will  be  assessed  in  the  next  section.  For  the 
remainder  of  this  discussion  we  will  assume  that  the  depth  F, 
illustrated  in  Fig.  2  satisfies  this  criterion. 

Next,  the  integration  over  the  remaining  two  segments  of 
the  contour,  C,  will  be  shown  to  give  do  contribution  to  the 
representation  theorem  integral.  The  segment  of  the 
contour  FH,  along  the  free  surface  will  be  considered  first. 
Tbe  integration  surface  for  the  segment  FH  of  the  contour, 
C,  is  a  line  with  the  r -coordinate  held  constant.  Thus,  only 
terms  generated  by  setting  k  *  3  in  equation  (4)  need  to  be 
considered.  Tbe  free  surface  boundary  condition  applied  on 
this  surface  states  that  at  z  « 0  the  stress,  pu2.},  is  zero. 
Since  tbe  Green’s  function,  f^,  used  in  all  the  calculations 
also  satisfies  the  free  surface  BC,  the  Green's  function  stress, 
ftTzt.S'  «*  also  zero  at  z  -  0.  Therefore,  one  term  in  each 
prod«ct  in  the  integrand  of  equation  (4)  is  zero,  causing  the 
value  of  tbe  integral  along  this  portion  of  the  contour,  C,  to 
be  zero.  Next,  the  segment  GH  of  the  contour,  C,  will  be 
considered.  As  £— »°°  the  displacements  u2  and  u2/k  must 
approach  zero  since  the  radiation  condition  is  satisfied. 
Again,  one  component  of  each  product  in  the  integrand  of 
equation  (4)  is  zero.  Clearly,  this  makes  the  integrand  zero 
and  verifies  that  the  section  GH  of  contour,  C,  makes  no 
contribution  to  the  representation  theorem  integral. 

Before  summarizing  the  method  one  further  simplification 
in  the  evaluation  of  the  representation  theorem  integral  will 
be  presented.  The  integration  of  equation  (4)  along  a 
vertical  surface  equivalent  to  contour  FG  can  be  expressed 
as 


t*(Zs)[lh(x,  z;  £,,  £3 )«2,i(£i.  £3) 

+  ^Z2.l(x>  ?1>  £j)“z(£l.  fs)]7**  ^£3 ■  (11) 


The  forcing  functions,  «,(£,,  £,)  and  #»(£ s)«2,i(£i.  £3)  “  oMy 
can  be  expressed  in  terms  of  tbe  variables  used  in  the  PM 
method.  For  tbe  line  source  this  is  done  by  substituting 
expressions  from  tbe  Appendix,  eqs  (A  10)  and  (Allb), 
respectively,  for  Uj(£,,  £,)  and  a^.  The  line  source  Green's 
Auctions,  rz j  and  p($3)ra.i  can  be  expanded  in  terms  of 
PM  variables  by  substituting  equations  (A12)  and  (A13b) 
for  Fa  and  r2 j,„  respectively.  Performing  these  substitu¬ 
tions,  and  bringing  all  terms  not  dependent  on  £s  out  of  the 
Integra],  yields  equation  (12a).  For  a  point  double-couple 
source  tbe  substitutions  for  the  Green  functions  are 
unchanged.  For  the  strike-slip  point  double-couple  source, 
equations  (A4)  and  (A8b)  are  substituted  for  u2  and  o„  to 
yield  equation  (12b).  For  the  dip-slip  point  double-couple 
source  equations  (A5)  and  (A9b)  are  substituted  for  u2  and 
to  yield  equation  (12c). 


(12*) 


where 


^  dr  r-,,  V  r  dr 


(12b) 


(12c) 


For  all  the  types  of  sources  discussed  in  the  present  paper 
both  convolutions  in  the  integrand  of  equation  (11)  produce 
identical  expressions.  Thus,  it  should  be  possible  to 
accelerate  the  numerical  evaluation  of  equation  (11)  by 
doubling  the  result  of  the  integration  of  either  convolution. 
This  approach  makes  it  unnecessary  to  record  both 
displacement  and  stress  seismograms  in  the  FE  calculations. 
Either  one  of  these  should  be  sufficient  to  calculate  a  2-D 
SH  representation  theorem  integral.  This  approach  also 
allows  tbe  value  of  the  representation  theorem  integral  to  be 
determined  using  half  tbe  number  of  the  Green's  functions. 
The  representation  theorem  integral  will  be  evaluated  ty 
doubling  tbe  value  of  the  first  term  in  equation  (11). 

In  summary,  the  procedure  used  to  propagate  mot.e  sum 
seismograms  along  a  path  that  may  include  one  or  more 
segments  of  non-plane-layered  structure  within  a  longer 
plane-layered  path  will  be  described  below,  and,  for  clarity, 
illustrated  in  the  flow  diagram  in  Fig.  3.  The  details  of  the 
FE  to  PM  coupling  technique  discussed  in  this  section  will 
be  emphasized  in  this  description  (see  points  (2)-(6)  below), 
and  its  relation  to  the  complete  hybrid  propagation 
technique  will  be  demonstrated.  The  method  can  be  broken 
down  into  eight  steps. 

(1)  Choose  a  source  type,  a  source  depth,  h,  and  a 
horizontal  propagation  distance,  A„  from  the  source  to  the 
finite  element  grid  edge.  This  distance  A,  is  slightly  less  than 
tbe  horizontal  distance,  ACl,  from  the  source  to  the  edge  of 
tbe  first  complex  region.  Also  choose  Az,  the  vertical 
spacing  between  nodes  in  the  finite  element  grid,  and  n,  the 
number  of  nodes  in  a  column  in  the  finite  element  grid.  The 
quantities  n,  Az,  and  A,,  ate  chosen  when  designing  the 
finite  element  grid  containing  the  complex  region  (Regan  &. 
Harkrider  1969,  Regan  1987).  Use  the  parameter  source 
type,  h,  n,  A,,  and  Az,  to  generate  a  vertical  section  of  PM 
seismograms  containing  one  seismogram  at  die  location  of 
each  node  in  tbe  first  column  of  the  finite  element  grid.  This 
set  of  seismograms  will  be  called  the  FE  forcing  functions. 

(2)  Tbe  FE  forcing  functions  are  used  as  displacement 
time  history  constraints  on  the  first  column  of  finite  element 
nodes.  This  passes  the  wsvefield  into  the  finite  element  grid 
providing  a  complete  solution  at  every  node  within  the  finite 
dement  grid.  A  vertical  section  of  displacement  seismo¬ 
grams  is  recorded  at  a  column  of  finite  element  centres  a 
horizontal  distance,  An,  from  the  beginning  of  the  finite 
element  grid.  This  set  of  seismograms  will  be  called  the  RT 
forcing  functions.  A,  +  An  is  slightly  larger  than  the 
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(1)  (2) 


Heart  J.  A  Bow  diagram  of  the  generation  of  a  hybrid  fyntbetic 
mode  sum  seismogram.  The  number*  in  parentheses  above  some 
boxes  relate  the  procedure  within  that  box  to  a  step  number  in  the 
summary  of  the  method  in  the  text.  To  avoid  double  subscripts  in 
the  figure  ( -  ({,  {).  and  *  “  (x,  x).  As  in  the  text,  a  bar  over  a 
quantity  indicates  the  Fourier  transform  of  that  quantity.  The  three 
mull  boxes  along  the  bottom  of  boxes  (1),  (2),  (4),  and  (5)  indicate 
a  loop.  The  variable  in  the  left-most  box  indicates  the  incremented 
variable  in  the  loop.  The  centre  box  is  used  to  indicate  the 
technique  used  to  calculate  the  quantity.  The  right-most  box  shows 
the  largest  possible  value  of  the  increment  variable. 


horizontal  distance  from  the  source  to  the  end  of  the  region 
of  complex  structure  and  An  is  chosen  when  designing  the 
finite  element  grid. 

(3)  Choose  the  number,  /,  and  locations,  (x,  z),  of 
desired  receivers.  The  horizontal  distance  between  a 
receiver  and  A,  +  Are  is  dRT.  If  the  path  from  A,  +  Are  to 
the  final  receiver  locations  contains  another  complex  region 
a  complete  depth  section  of  hybrid  seismograms  is  needed 
and  j "  n,  and  dRTsdCa-(d,4dre).  The  horizontal 
distance  from  the  source  to  the  edge  of  the  next  finite 
dement  grid  is  A^. 

(4)  Calculate  line  source  stress  Green’s  functions.  One 
Green’s  function  is  calculated  to  transmit  the  disturbance  at 
each  dement  centre  to  a  receiver. 

(3)  Fourier  transform  the  displacement  seismograms  in 
the  set  of  RT  forcing  functions. 

(<)  For  each  element  centre,  multiply  the  displacement 
seismogram  from  the  set  of  RT  forcing  functions  with  the 
stress  Green's  function  which  transmits  that  displacement 
•efcmogram  to  the  receiver.  Then,  add  the  resulting  product 
seismograms  for  all  element  centres  on  the  depth  section 
and  multiply  the  resulting  sum  by  2Az.  Inverse  Fourier 
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transform  the  result  to  give  the  time  domain  displacement 
teismogram  at  a  receiver. 

(7)  Repeat  steps  (4)— (6)  for  each  of  the  /'  receivers  chosen 
in  (3).  If  another  complex  region  lies  in  the  path  from  the 
locations  of  /  to  the  final  receivers  this  repetition  will 
produce  a  new  set  of  FE  forcing  functions.  Otherwise  the 
final  solution  has  been  reached. 

(8)  Repeat  steps  (2)— (7)  to  propagate  across  the  next 
complex  region. 

2 A  Uncertahty  estimates  sad  modal  filtering  for  RT 

As  stated  in  Section  2.3,  the  evaluation  of  the 
representation  theorem  along  path  FG  (Fig.  2)  is  in  practice, 
carried  out  only  along  subsegment  FF,.  The  contributions  to 
the  representation  theorem  integral  from  integration  along 
subsegment  F,G  are  assumed  to  be  zero.  To  insure  that  the 
contribution  from  F,G  is  zero,  the  earliest  possible  arrival 
from  a  source  at  depth  F,  must  be  later  than  the  end  of  the 
hybrid  seismogram  being  calculated.  To  rigorously  apply 
this  condition,  when  a  seismogram  duration  of  SSs,  a 
reasonable  duration  for  Lt  at  A,  ■  1000  km,  is  used  requires 
that  Fj  lie  at  a  depth  in  excess  of  230  km.  FE  calculations 
extending  to  such  depths  would  be  prohibitive.  At  larger 
distances  the  Lt  seismogram  has  even  longer  durations 
requiring  the  integration  surface  to  extend  yet  deeper.  Thus, 
it  is  desirable  to  assess  the  size  of  the  contributions  along 
subsegment  F,G  when  the  depth  of  F,  is  considerably 
smaller  than  would  ideally  be  the  case,  and  to  determine  the 
minimum  values  of  the  depth  F,  that  will  result  in  acceptable 
solutions.  Fortunately,  it  is  straightforward  to  derive  a 
simple  relation  expressing  the  mode  by  mode  accuracy  for  a 
given  F,,  and  grid  spacing  (As).  This  relation  can  be  simply 
and  rapidly  evaluated  before  RT  integration  coupling  is 
attempted.  The  mode  by  mode  uncertainty  estimates  can 
then  be  used  to  assess  the  effect  of  a  particular  choice  of  F, , 
Az,  and  the  time  spacing  on  the  accuracy  of  the  hybrid 
synthetics  and  to  choose  optimal  values  for  F,  and  Az. 

To  derive  the  expression  for  mode  by  mode  integration 
accuracy  we  return  to  the  expression  of  the  representation 
theorem  integral  along  FG  in  terms  of  propagator  matrix 
notation  (equation  12).  Comparing  the  quantities  outside 
the  integral,  in  each  equation  in  (12),  with  the  expression 
for  displacement  due  to  the  corresponding  source  in  a 
layered  medium,  equation  (A10)  to  equation  (12a), 
equation  (A4)  to  equation  (12b),  and  equation  (A5)  to 
equation  (12c),  allows  equation  (12)  to  be  rewritten  as 


03) 

Define  /» to  be  the  relation 

This  immediately  leads  to  the  relation 

ULh-l 

(15) 

Evaluation  of  this  simple  equation  provides  a  direct  estimate 
of  the  accuracy  of  the  integration  on  a  mode  by  mode  basis. 
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The  estimate  of  the  accuracy  is  obtained  by  evaluating  the  /, 
integrand  at  each  integration  point  used  in  the  RT 
integration,  for  each  frequency  on  each  branch  of  the 
dispersion  curve  used.  For  each  single  frequency  mode  the 
quantity  on  the  left  hand  side  of  equation  (15)  is  determined 
at  each  integration  point  and  summed  over  the  integration 
surface.  If  the  solution  were  perfect  with  no  error  present, 
then  the  sum  would  be  exactly  one.  In  practice  the  sum 
departs  from  one  by  some  amount  which  gives  an  estimate 
of  the  size  of  the  minimum  error  that  could  be  expected  in 
that  mode  in  the  RT  integration  results.  The  estimate  is  a 
minimum  since  it  does  not  account  for  the  phase  of  the 
arrivals  nor  for  possible  errors  in  that  phase.  The  evaluation 
of  the  error  using  this  relation  is  much  faster  than  comparing 
results  from  multiple  applications  of  RT  integration 
coupling. 

An  additional  result  obtained  from  equation  (14)  allows  a 
simple  method  of  modal  filtering  to  be  defined.  It  is  well 
known  that  if  <  and  /  represent  two  different  modes  for  a 
given  period,  (k,  4-  kt  for  w,  «  wt),  then  the  orthogonality 
(elation  for  Love  waves  states  that 

£lt(z)vt(z)v/(z)dz~  0  i*j.  (16) 

Comparing  equations  (16)  and  (14),  and  equating 


[Mi,)] 

. 

U0 

and 

*1.  * 

[Ws(Wl 

.  V0  \H 

shows  that  equation  (13)  is  a  form  of  the  orthogonality 
relation.  At  this  point  it  is  useful  to  notice  that  the  two 


terms  in  the  equation  (13)  each  have  separate  origins.  One 
originates  with  the  forcing  functions  and  the  other  with  the 
Green  functions.  Thus,  any  single  modes  not  common  to 
both  the 

[Mgs)! 
l  Wo 

term  from  the  forcing  function  and  the 

Mgs)] 

*»0  J  H 

term  from  the  Green's  function  will  produce  zero 
contribution  to  the  resulting  hybrid  result.  This  implies  that 
the  only  modes  present  in  both  the  Green’s  functions  and 
the  forcing  functions  will  be  present  in  the  RT  integration 
results.  Thus,  choosing  Green’s  functions  with  a  subset  of 
the  modes  present  in  the  forcing  function  will  produce  a 
filter  that  gives  RT  integration  results  that  contain  only  that 
subset  of  modes. 

3  RT  COUPLING  OF  ANALYTIC 
SEISMOGRAMS  AND  GREEN’S  FUNCTIONS 

In  this  section  the  validity  and  accuracy  of  the  numerical 
implementation  of  the  representation  theorem  integration 
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coupling  technique  will  be  discussed  in  detail.  In  the 
following  discussions  a  seismogram  resulting  from  a  RT 
integration  will  be  referred  to  as  a  hybrid  seismogram. 
However,  since  the  representation  theorem  integral  can  be 
evaluated  regardless  of  the  method  used  to  generate  the 
forcing  functions,  easily  generated  PM  forcing  functions  are 
used  in  most  tests  of  the  accuracy  of  the  coupling  technique , 
rather  than  more  computationally  intensive  FE  forcing 
functions.  A  single  test  using  FE  forcing  functions  is 
presented  for  completeness.  All  the  numerical  experiments 
discussed  below  use  the  same  layer  over  a  half-space  model 
for  all  portions  of  the  path  allowing  hybrid  results  to  be 
directly  compared  with  PPM  results.  In  all  cases  the  layer 
has  a  thickness  of  32  km,  an  SH  wave  velocity  3.5kms~', 
and  a  density  2.7 gem-3.  The  half-space  has  SH  wave 
velocity  4.5 km  s-1  and  density  3.4 gem-3. 

In  the  following  sections  the  results  of  tests  of  several 
aspects  of  the  representation  theorem  integration  coupling 
technique  and  Green’s  function  filtering  will  be  presented. 
First,  the  estimation  of  uncertainties  is  discussed,  and  the 
values  of  Az,  At  and  Ft  are  chosen.  Then,  results  of  the  RT 
integration  for  the  fundamental  mode  and  for  each  of  the 
first  five  overtones  are  presented  to  illustrate  where  the 
discrepancies  between  the  RT  results  and  the  analytical 
results  originate.  Mode  sum  results  for  a  line  source  and  for 
a  point  source  are  then  presented.  Modal  filtering  of  FE  or 
hybrid  results  is  then  discussed,  and  examples  of  its 
efficiency  are  presented.  Before  these  results  can  be 
discussed  the  sets  of  forcing  functions  and  Green's  functions 
used  in  the  tests  need  to  be  explained. 

The  forcing  functions  used  are  the  displacement  and  stress 
seismograms  for  a  source  depth  of  8  km.  They  are  evaluated 
at  positions  corresponding  to  the  element  centres  of  the 
right-most  column  of  elements  in  a  FE  grid  with  horizontal 
and  vertical  spacing  of  0.5  km,  whose  right-hand  edge  lies 
A,  ■=  1500.25  km  from  the  source.  Thus,  the  seismograms 
are  evaluated  at  points  along  a  vertical  surface  1500  km  from 
the  source,  at  depth  intervals  of  0.5  km,  beginning  at  a 
depth  of  0.25  km  below  the  surface.  Separate  sets  of  forcing 
functions  were  generated  for  the  fundamental  mode  and  for 
each  of  the  fust  five  higher  modes.  Also,  an  additional  set  of 
forcing  functions  was  calculated  by  summing  over  the 
fundamental  and  the  first  five  higher  modes.  Single  mode 
and  mode  sum  forcing  functions  were  determined  for  both  a 
line  source  and  a  strike-slip  point  source.  Similarly  mode 
am  and  single  mode  Green’s  functions  were  evaluated  for  a 
line  source  at  each  of  the  locations  where  displacement  and 
stress  forcing  functions  were  evaluated  for  a  line  source  at 
each  of  the  locations  where  displacement  and  stress  forcing 
functions  were  determined  and  a  receiver  at  the  surface. 
Single  mode  and  mode  sum  Green  functions  for  a 
propagation  distance  of  dRT  - 100,  and  mode  sum  Green 
functions  for  propagation  distances  of  4RT  •  50,  100,  150, 
250,  500,  and  1000  km  are  used.  The  representation  theorem 
integration  surface  for  all  RT  integration  examples  extended 
to  a  depth  of  50  km. 

3.1  Aariy*  of  wshMa 

Before  representation  theorem  integration  calculations  are 
performed  it  is  useful  to  consider  the  choices  of  At,  the  time 
step  in  the  displacement  and  stress  seismograms,  A,,  the 
sparing  between  integration  points,  and  F,,  the  vertical 


extent  of  the  integration  surface.  Once  a  desired  level  of 
accuracy  has  been  defined  and  the  highest  frequency  to  be 
Modelled  has  been  chosen  a  reasonable  set  of  values  for 
these  parameters  can  be  determined.  The  values  of  Az  and 
F,  are  selected  using  the  mode  by  mode  estimator  of 
accuracy  discussed  in  Section  2.4.  The  tolerated  level  of 
uncertainty,  Um  1  -  lALlt,  in  the  representation  theorem 
integrations  described  in  the  present  paper  is  2  per  cent.  The 
translation  of  this  tolerance  level  to  values  of  Az  and  F,  is 
ditcussfd  below.  The  integral  /,,  equation  (14),  used  to 
estimate  the  accuracy  of  the  representation  theorem 
integration  is  independent  of  At.  The  value  of  At  is  chosen 
ao  that  MlAt  exceeds  the  highest  frequency  used  in  the  time 
aeries.  In  practice  it  is  inadvisable  to  use  a  value  of  At  which 
is  larger  than  half  the  minimum  travel  time  for  travelling  the 
dteanor  Az,  nice  this  may  cause  increased  errors  at  the 
riiortest  periods. 

TWe  effects  of  varying  Az  were  studied.  Estimations  of 
accuracy  were  determined  for  several  values  of  F,  and  Az. 
The  resulting  values  of  V  were  examined  to  determine  the 
effect  of  changing  Az  on  the  value  of  U.  The  results  of  this 
examination  indicate  that  U  —  UoAz,  where  U0  is  the 
uncertainty  using  Az  -  1  km.  The  choice  of  an  acceptable 
value  of  Az  requires  examination  of  the  actual  values  of  U. 
Table  1  shows  the  values  of  1/  for  a  small  selection  of 
periods  on  each  branch  of  the  dispersion  curve.  The 
uncertainty  estimation  which  produced  Table  1  used 
Az  «  0.5  km,  and  F, «■  50  km,  the  values  used  in  the  RT 
integration  tests  below.  These  values  of  Az  and  F,  produce 
errors  below  U  •  0.02  for  most  modes.  The  pattern  of  the 
variation  of  V  with  period  seen  in  this  table  is  typical  of  all 
the  sample  combinations  of  Az  and  F,  examined.  The  mode 
by  mode  values  of  U  for  each  separate  overtone,  and  for  the 
fundamental  show  that  V  is  small  and  approximately 
constant  until  the  value  of  Ft  is  reduced  to  a  value 
comparable  to  X,  the  wavelength  for  the  mode  being 
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considered.  Further  reduction  of  F,  causes  rapid  increases  in 
the  value  of  U. 

The  effects  of  varying  F,  were  also  investigated.  The 
values  of  U  for  several  values  of  F,  at  each  value  of  Az  were 
reexamined  to  determine  the  effect  of  changing  the  value  of 
F,  on  the  value  of  U.  The  period  below  which  no  uncertainty 
estimates  exceeded  2  per  cent  was  determined  for  each  F,. 
The  resulting  minimum  values  of  T  for  each  F,,  and  for 
U0  *  0.4,  and  Az  “  0.5,  are  plotted  in  Fig.  4.  The  curves  in 
Fig.  4  are  model-dependent  and  must  be  determined  for 
each  model  used.  All  values  of  F,  below  the  fundamental 


flpn  4.  RT  integration  uncertainty  estimates  for  Az  -  0.5  km.  F, 
is  the  depth  of  the  deepest  integration  point  on  the  RT  integration 
surface  in  kilometres.  T  is  the  period  of  the  mode.  Each  curve  is 
labelled  to  indicate  which  overtone  it  refers  to.  F  refers  to  the 
fundamental  mode,  1  to  the  first  overtone,  etc.  Each  curve  is  the 
locus  of  points  (T,  Fi),  where  T  is  the  maximum  period  for  which  a 
mode  can  be  accurately  reconstructed  ((/s0.02)  using  RT 
integration  to  a  depth  F,.  The  horizontal  dotted  line  indicates  the 
SO  km  value  of  F,  wed  in  the  tests  of  the  RT  integration  technique. 


Table  1.  RT  integration  uncertainty  estimates 


Period  C/-1-2 dt/, 


(S) 

Fund. 

1st 

2nd 

3rd 

4th 

5th 

500.0000 

0.9948 

90.0000 

0.84S6 

40.0000 

0.6726 

30.0000 

0.1732 

20.0000 

0.0234 

14.0000 

0.0069 

11.4000 

0.4701 

10.0000 

0.0124 

0.3129 

80000 

0.0135 

0.0212 

6.0000 

0.0142 

0.0098 

5.7000 

0.3940 

4.0000 

0.0148 

0.0135 

0.0091 

3.8000 

0.0102 

0.3003 

2.8000 

0.0093 

0.0526 

2.5000 

0.0147 

0.0136 

0.0112 

0.0046 

2.2000 

0.0125 

0.0091 

0.0047 

2.0000 

0.0152 

0.0149 

00143 

0.0132 

0.0109 

0.0056 

1.6000 

0.0154 

0.0151 

0.0148 

0.0142 

0.0131 

0.0112 

1.2001 

0.0154 

C  vl53 

0.0151 

0.0148 

0.0143 

0.0136 

0.8001 

0.0154 

0.0154 

0.0154 

0.0152 

0.0151 

0.0148 

0.4000 

0.0158 

0.0155 

0.0155 

0.0158 

0.0155 

0.0154 

0.2000 

0.0190 

0.0159 

0.0161 

0.0147 

0.0156 

0.0161 

0.1000 

0.0130 

1.7330 

0.0096 

0.0085 

0.0080 

0.0078 
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node  curve  produce  uncertainty  estimates  in  excess  of 
£/«0.02,  the  specified  cut-off  level.  The  values  of  F,  which 
tell  below  the  part  of  a  given  overtone  curve  that  is  not  near 
vertical  produce  uncertainty  estimates  in  excess  of  U  m  0.02 
for  that  overtone.  The  almost  vertical  portions  of  the 
overtone  curves,  which  have  periods  near  the  cut-off 
frequency  of  the  overtone,  indicate  the  values  of  F,  that 
produce  acceptable  values  of  U  for  all  periods.  Fig.  4 
provides  a  good  way  to  estimate  the  minimum  acceptable 
value  of  F,.  Examining  Fig.  4  for  a  given  choice  of  F,  on  a 
overtone  by  overtone  basis  helps  to  predict  and  explain  the 
causes  of  the  inaccuracies  noted  below  in  the  actual  RT 
integration  results.  The  value  of  F,  chosen  for  use  in  the 
tests  of  the  RT  integration  is  50  km,  and  is  indicated  by  a 
dotted  line  in  Fig.  4.  This  value  is  the  minimum  value  of  Ft 
that  produces  acceptable  values  of  U  for  the  longer  period 
modes  on  the  overtone  curves.  The  intersections  of  the 
F,  •  50  km.  line  and  the  curve  for  each  mode  indicates  the 
expected  uncertainties.  The  second  through  fifth  overtones 
should  be  accurately  represented  at  all  periods.  The  first 
overtone  will  introduce  somewhat  higher  uncertainties, 
although  still  acceptable,  particularly  between  8  and  11  s 
period.  The  fundamental  mode  will  be  accurate  for  periods 
less  than  about  21  s. 


3J  PemoKrattag  RT  tetegul tea  easyUag 

The  first  group  of  tests  using  the  sets  of  forcing  functions 
and  Green's  functions  discussed  above  produced  mode  by 
mode  hybrid  results  directly  comparable  to  PPM  synthetic 
single  mode  seismograms.  PPM  synthetic  seismograms  were 
calculated  at  A,  »  1600  km  for  each  of  the  fundamental 
mode  and  the  first  five  overtones.  For  the  fundamental 
mode  and  each  of  the  first  five  overtones  a  set  of  single 
mode  PM  forcing  functions,  at  A,  •  1500  km,  was  combined 
with  the  corresponding  single  mode  set  of  Green’s  functions, 
for  a  propagation  distance  of  dRT  - 100  km,  according  to 
the  representation  theorem  integral.  This  produced  a  hybrid 
seismogram  for  that  mode  at  A<*  1600  km  to  compare  with 
the  corresponding  PPM  single  mode  synthetic.  Comparisons 
of  the  RT  integration  sums  and  the  PPM  synthetics  for  each 
individual  mode  are  shown  in  Fig.  5.  All  the  seismograms 
are  bandpass  filtered  for  periods  between  1  and  25  s.  The 
short  period  limit  on  the  bandpass  filter  was  chosen  to 
improve  the  correspondence  between  the  waveform  of  the 
PPM  synthetic  and  the  RT  integration  result  for  the  same 
mode.  The  short  period  limit  corresponds  to  the  shortest 
period  energy  that  can  be  transmitted  through  a  finite 
element  grid  with  grid  spacing  equal  to  the  spacing  of  the 
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Hpn  J.  Mode  by  node  RT  integration  results  bandpass  filtered  between  0.04  and  1  Hi.  Two  columns  of  seismograms  are  illustrated  The 
first  ootumn,  labelled  PM,  shows  PPM  synthetics  for  each  overtone  end  for  the  fundamental  mode  The  PPM  synthetics  are  calculated  for  a  line 
aouree  at  a  depth  of  S  km,  at  a  A,  - 1600  km  from  the  source,  using  a  single  PM  calculation.  The  second  column,  labelled  hybrid, 

shows  the  hybrid  synthetics  for  a  PM  path  length  of  A,  ■  1500  km  (line  source)  and  •  RT  integration  path  length  of  dRT  - 100  km.  Each  row  of 
sehmograma  represent  results  for  a  different  overtooe.  The  first  tow  shows  the  fundamental  mode,  the  second  row  the  first  overtone,  the  third 
raw  the  second  overtone,  the  fourth  row  the  third  overtone,  the  fifth  row  the  fourth  overtone,  and  the  sixth  row  the  fifth  overtone.  Each  row  of 
erhmmremi  is  plotted  wing  the  tame  scaling.  The  numbers  at  the  left  hand  edge  of  each  row  indicate  the  amplitude.  The  numbers  between 
noth  pair  of  seismograms  the  raw  fUsvb  ratio  of  the  hybrid  seismogram  to  the  PPM  seismogram. 
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integration  points  in  the  RT  integration.  The  long  period 
cut-off  of  the  filter  is  chosen  to  remove  the  long  period 
component  of  the  fundamental  mode  which  cannot  be 
accurately  reconstituted  without  increasing  F,.  When  the 
integration  surface  is  truncated  at  progressively  shallower 
depths  the  long  period  cut-off  of  the  filter  must  be 
progressively  reduced  to  maintain  the  fit  between  hybrid  and 
PPM  fundamental  mode  seismograms.  As  F,  is  reduced 
below  50  km  the  correspondence  between  the  hybrid  and 
PPM  overtone  seismograms  for  each  overtone  degenerates. 
As  predicted  in  the  error  analysis  the  largest  discrepancies 
between  the  PPM  and  hybrid  results,  for  F,  ■  50  km,  occur 
in  the  first  overtone  seismograms.  Some  discrepancies  are 
seen  in  the  fundamental  mode  due  to  the  longer  periods 
between  21  and  25  s  which  are  not  removed  by  the  filter. 
The  higher  overtones  fit  well  and  approach  the  accuracy 
predicted  by  the  minimum  error  estimates  above. 

In  practice  a  full  mode  sum  seismogram  is  the  desired 
result  of  representation  theorem  integration  coupling.  The 
mode  by  mode  tests  discussed  above  illustrate  the  validity  of 
the  method  and  illustrate  our  understanding  of  the  sources 
of  possible  uncertaintic  fo  illustrate  the  accuracy  obtained 
using  mode  sum  forcing  functions  and  Green’s  functions  the 
hybrid  synthetic  resulting  from  RT  integration  using  mode 


Hpn  «.  Mode  mm  RT  integration  results  bandpass  filtered 
between  0.04  and  1  Hz.  The  centre  setsmogram  is  a  PPM 
seismogram  for  a  line  source  at  a  depth  of  8  km  at  a  distance 
A,  - 1600  km  from  the  source.  The  upper-most  and  lower-most 
aeissnoframs  are  hybrid  seismograms  for  a  PM  (line  source)  path 
of  A, » 1500  km  and  a  RT  integration  coupling  path  length  of 
dux*  100 km.  The  seismogram  labelled  mode  sum  was  calculated 
asing  a  single  RT  integration  of  mode  sum,  line  source,  forcing 
tactions  and  mode  sum  Green’s  functions.  The  seismogram  labelled 
amn  of  modes  is  a  sum  of  the  single  mode  RT  integration  results 
shown  in  Fig.  4. 


sec. 


Figure  7.  Mode  sum  RT  integration  results.  PM  seismograms  are 
calculated  for  a  strike-slip  point  double-couple  source.  Other  details 
as  in  Fig.  6. 

cum  forcing  functions  and  Green’s  functions  is  compared  with 
the  corresponding  PPM  mode  sum  synthetic.  Fig.  6  shows 
results  using  a  line  source,  and  Fig.  7  shows  results  using  a 
point  source.  The  agreement  in  amplitude  and  waveform 
between  the  PPM  and  hybrid  mode  sum  results  is  excellent. 
The  cum  of  modes  synthetic  calculated  as  a  sum  over  the 
single  mode  hybrid  results  shown  in  Fig.  5  gives  a  similar 
result.  The  agreement  between  the  mode  sum  hybrid 
seismogram  and  the  sum  of  single  modes  hybrid  seismogram 
provides  an  independent  check  and  the  validity  of  the 
filtering  technique,  since  any  cross-terms  that  did  not  cancel 
due  to  orthogonality  would  appear  as  deviations  between 
the  two  sets  of  resulting  seismograms.  That  is,  cross-terms 
present  in  the  mode  sum  result  would  not  be  present  in  the 
sum  of  modes  result. 

35  P— 1,1— tiaHna  of  Greeu’s  ft—rtinu  filtering 

Next,  a  aeries  of  calculations  investigating  the  accuracy  and 
efficiency  of  the  Green’s  function  filtering  technique  will  be 
discussed.  The  Green’s  function  filtering  method  uses 
Green's  functions,  containing  only  a  subset  of  the  modes 
present  in  the  forcing  functions,  as  a  filter  to  extract  only 
those  modes  from  the  forcing  functions.  In  particular,  the 
tingle  mode  sets  of  Green’s  functions  are  used  in  the 
representation  theorem  integral  along  with  the  mode  sum 
aet  of  forcing  functions.  The  resulting  hybrid  seismograms 
contain  energy  only  in  the  single  mode  present  in  the 
Green's  function.  A  representation  theorem  integration  was 
performed  using  each  single  mode  set  of  Green’s  functions 
and  the  set  of  mode  sum  forcing  functions.  As  an  example 
results  using  the  third  higher  mode  Green’s  functions  and  a 
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Green's  function  filtering  using  the  third  overtone  as  an  example.  All  illustrated  seismograms  are  bandpass  filtered  between  0.04  and 
1  Hz.  The  results  of  a  different  RT  integration  are  presented  in  each  column.  Both  columns  show  hybrid  seismograms  for  a  line  source  at  a 
depth  of  8 km  and  a  distance  A,  +  dRT  •  1600 km  from  the  source.  In  both  cases  the  PM  path  length  it  A,  ■  1500 km,  and  the  RT  integration 
path  length  is  4RT -  100km.  In  the  first  column,  labelled  mode* mode,  the  hybrid  seismograms  are  derived  using  the  third  overtone  forcing 
functioos  and  the  third  overtone  Green's  functions.  In  the  seoood  column,  labelled  mode  sum* mode,  the  hybrid  seismograms  are  derived 
wing  the  mode  sum  forcing  functions  and  the  third  overtone  Green’s  functions.  Each  pair  of  seismograms  is  plotted  using  the  same  scale,  but 
the  scale  changes  from  pair  to  pair.  The  amplitude  is  indicated  at  the  left  end  of  each  pair  of  seismograms.  The  RT  integration  begins  at  the 
surface  and  proceeds  down  FT,  (Fig.  2)  to  Ft.  The  first  row  of  seismograms  is  a  single  convolution,  the  sum  down  to  a  depth  of  0.25  km.  The 
second  row  is  the  sum  of  21  convolutions,  and  includes  all  integration  points  to  a  depth  of  10  km.  This  pattern  continues  with  the  depth  of  the 
deepest  point  included  in  the  integration  indicated  to  the  right  of  each  pair  of  seismograms  The  numbers  between  the  pairs  of  seismograms 
indicate  the  tins  amplitude  ratios  of  the  mode  sum*  mode  seismograms  to  the  mode*  mode  seismograms. 


line  source  are  shown  in  Fig.  8.  When  n  depth  of  F,  -  50  km  depths  greater  than  50  km  improves  the  results  slightly  due 

■  reached  the  waveforms  are  indistinguishable  and  the  to  better  fits  at  longer  periods.  For  the  fundamental  mode 

amplitudes  agree  to  within  less  than  1  per  cent.  Studying  increasing  F,  allows  longer  period  energy  to  be  modelled, 
similar  plots  for  each  overtone  and  for  the  fundamental  Fig.  9  illustrates  the  mode  by  mode  results  of  the  RT 
mode  shows  several  trends  that  hold  for  both  point  sources  integrations  discussed  above  for  F, « 50  km.  For  the 

and  line  sources.  In  general  the  integration  must  proceed  to  fundamental  mode  and  all  illustrated  overtones  the 

a  depth  F,  of  about  30  km  before  the  waveforms  of  the  waveforms  of  the  mode  •  mode  hybrid  results  and  the  mode 

filtered  mode  sum  seismograms  closely  resemble  those  of  sum* mode  results  are  essentially  identical.  The  tins 

the  single  mode  hybrid  results.  For  the  third  to  fifth  amplitude  ratio  of  the  two  different  types  of  hybrid  result  is 

overtones  the  filtered  results  at  F,  ■  50  km  and  the  analytical  one  for  each  pair  of  seismograms  shown.  In  fact  even  the 

results  agree  in  amplitude  (rms  amplitude  differ  by  peak-to-peak  amplitudes  agree  to  within  less  than  1  per  cent 

<1  percent)  and  are  not  visibly  different  in  waveform.  for  all  modes.  Clearly  the  Green’s  function  filtering  technique 

Integration  over  the  full  50  km  is  necessary  to  stabilize  the  is  accurate  and  promises  to  be  very  useful  in  the 

results.  Integration  to  depths  greater  than  50  km  does  not  interpretation  of  hybrid  seismograms  for  paths  including 

improve  the  correspondence  between  hybrid  and  filtered  complex  structures.  In  summary,  the  effect  of  using  a  sei  of 

results.  For  the  first  and  second  overtones  integration  to  Green’s  functions  containing  a  subset  of  the  modes  present 
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0.03 
0.03 

flfn  *.  Mode  by  node  results  of  Green's  (unction  filtering.  AH  seismofrsint  are  bandpass  filtered  between  0.04  and  1  Hz.  The  first  row 
Aows  results  (of  the  (undamental  node,  each  successive  row  shows  results  for  the  nest  higher  overtone  The  results  of  a  different  RT 
integration  arc  presented  in  each  column  Both  columns  show  hybrid  seismograms  for  a  line  source  at  a  depth  of  8  km  and  a  distance 
A,  +  A*x  “  1600  km  from  the  source.  In  both  cases  the  PM  path  length  k  A,  -  1500  km,  and  the  RT  integration  path  length  is  d*T-  100  km. 
In  the  first  column,  labelled  mode* node,  the  hybrid  seismograms  are  derived  using  the  single  mode  forcing  functions  and  the  single  mode 
Green's  functions  for  that  same  mode.  In  the  seoood  column,  labelled  mode  sum* mode,  the  hybrid  seismograms  are  derived  using  the  mode 
am  forcing  functions  and  the  single  mode  Green’s  (unctions.  The  extent  of  the  integration  surface,  Ft,  is  30  km  for  all  illustrated  seismograms. 
The  amplitude  scale  is  given  to  the  left  of  each  pair  of  seismograms.  The  nns  amplitude  ratios  of  the  mode  sum  •mode  seismograms  to  the 
mode  •  mode  seismograms  is  one  in  all  cases  and  is  thus  not  illustrated  oo  the  diagram. 


in  the  set  of  forcing  functions  is  to  produce  an  efficient  filter 
that  allows  only  the  inodes  common  to  both  sets  to  appear 
in  the  hybrid  result. 

14  IT  IfpeMon  canping  and  Grain’s  hacfioa 
■taring  nring  FE  furring  fhnettons 

The  camples  of  representation  theorem  integration 
coopting  discussed  to  tbit  point  demonstrate  the  validity  of 
coupling  a  wavcfield  expressed  in  terms  of  displacement 
aaismcigrami,  generated  using  the  PM  method,  recorded  at 
equal  intervals  along  a  vertical  boundary,  across  that 
boundary.  The  wavefield  is  coupled  across  the  boundary  by 
RT  integration,  evaluation  of  aquation  (4)  along  that 
vertical  surface,  of  the  displacement  seismograms  and  the 
appropriate  Mae  source  Green’s  functions.  It  remains  to  be 
shown  that  RT  integration  eouphag  and  Green's  function 
filtering  are  valid  when  FE  or  FD  displacement  aej—ograms 
an  need,  and  that  the  entire  sequence  of  operations  used  to 
include  a  complex  subsegment  of  a  propagation  path  in  that 
path  it  valid.  The  final  example  of  RT  coupling,  presented 


The  final  example  of  RT  coupling  produces  hybrid 
seismograms  due  to  the  propagation  of  energy  from  a 
source,  through  the  first  section  of  its  path  using  the  PM 
method,  through  the  second  section  of  its  path  using  the  FE 
method,  and  finally,  through  the  last  section  of  the  path 
using  RT  integration  coupling.  Again,  for  this  example,  the 
entire  path  consists  of  a  single  simple  plane-layered 
structure  to  allow  direct  comparison  of  the  hybrid  results  to 
PPM  results.  A  strike-dip  double-couple  point  source  at 
a  depth  of  8km  was  used  to  generate  a  set  of  PM 
displacement  seismograms  along  a  vertical  surface  A,  » 
1800  km  from  the  source.  The  spacing  between  the  points  at 
which  these  seismograms  were  recorded  was  0.5  km.  Each 
of  these  ariimograiM  was  used  as  a  displacement  time 
history  constraint  oo  a  grid  point  along  the  left-hano  edge  of 
a  finite  element  grid  with  grid  spacing  0.5  km.  The 
appMcatioo  of  this  set  of  displacement  time  history 
constraints  to  the  end  of  the  finite  element  grid  completely 
specified  the  motion  of  all  nodes  within  the  finite  element 
grid  for  the  duration  of  the  FE  calculation.  At  a  column  of 
nodes  within  the  finite  element  grid  displacement  seismo¬ 
grams  were  recorded  during  the  FE  calculation.  The 
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displacement  seismograms  were  recorded  at  column  101.  a 
distance  4,  +  4^  *  1550  km  from  the  source.  These 
displacement  seismograms  were  then  used  as  forcing 
functions  in  a  representation  theorem  integration.  The 
distance  propagated  using  representation  theorem  integra¬ 
tion  varied  from  50  to  1000  km. 

The  results  of  the  example  described  in  the  previous 
paragraph  arc  illustrated  in  Fig  10.  The  correspondence 
between  the  hybrid  seismograms  and  the  PPM  seismograms 
is  excellent.  As  the  distance  propagated  using  RT 
integration  coupling  increases  the  PPM  seismograms  appear 
to  decay  in  amplitude  faster  than  the  hybrid  seismograms 
despite  the  fact  that  the  rtns  amplitude  ratios  remain 
relatively  constant.  This  is  an  artefact  of  the  fact  that  the 
tins  amplitude  ratio  has  the  decay  correction  Vtjx  from 
equation  (12)  included  in  it  but  the  plotted  seismograms  are 
not  scaled  by  the  correction  factor.  This  allows  one  to  see 
the  increasing  importance  of  the  2-D  to  3-D  propagation 
correction  as  the  portion  of  the  path  traversed  using  the  2-D 
finite  element  and  representation  theorem  integration 


coupling  techniques  increases  with  respect  to  the  portion  of 
the  path  traversed  using  the  3-D  propagator  matrix 
propagation.  The  origin  time  of  each  seismogram  in  Fig.  10 
is  slightly  different.  When  absolute  times  are  considered  the 
first  peaks  in  each  pair  of  seismograms  align  exactly. 

Next,  this  example  will  be  extended  to  present  the  results 
of  a  Green’s  function  modal  filtering  of  one  of  the  hybrid 
seismograms  in  Fig.  10.  The  hybrid  seismogram  propagated 
4rt  *  100  km  using  representation  theorem  integration  is 
chosen  for  this  analysis  so  that  the  single  mode  Green's 
functions  already  calculated  can  be  used  in  the  modal 
filtering  analysis  The  location  at  which  this  seismogram  is 
recorded  will  be  referred  to  as  A.  Since  a  single  layer  over  a 
half-space  structure  is  used  for  the  entire  path  it  is  simple  to 
predict  that  the  transmission  coefficients  across  the 
‘complex'  region  within  the  finite  element  grid  should  all  be 
one  and  that  the  reflection  coefficients  should  all  be  zero. 
Thus,  the  hybrid  single  mode  seismograms  recorded  at  A 
should  be  identical  to  the  single  mode  PPM  seismograms  for 
a  propagation  path  length  of  A, * 1650  km.  Fig.  11  shows 
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figure  If.  Mode  Run  RT  results  using  FE  fordo g  functions  All  monograms  are  bandpass  filtered  between  0.04  and  1  Hi  The  first  column 
•how  PPM  results  for  each  ease,  the  second  column  shows  the  corresponding  hybrid  results  Each  row  Illustrate*  results  for  t  different 
propagation  distance  For  all  hybrid  seismogram*  the  initial  PM  propagation  distance  (root  the  source  to  the  finite  dement  grid  edge  is 
4,  -  1500km,  and  the  propagation  distance  within  the  grid  is  4n  - 50km.  The  distance,  m  kilometres,  propagated  using  RT  integration 
coupfag.  4*t,  is  indicated  to  the  right  of  each  pair  The  rats  amplitude  ratios  of  the  hybrid  insults  to  the  PPM  results  are  shown  between  each 
pair  of  seismograms  Origin  times  of  the  plotted  seismograms  are  arbitrary.  Arrows  below  each  seMmogram  indicate  the  arrival  times. 
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Hpn  II.  Example  of  Green's  function  filtering  of  hybrid  synthetics  The  hybrid  setsmogram  for  receiver  A,  with  A, «  1500  km  source  to  PE 
distance ,  An  -  50  km  FE  propagation  distance,  and  AKT  •  100  km  RT  integration  coupling  propagation  distance,  shown  in  row  2  of  Fig.  10  is 
analysed  using  mode  by  inode  filtering.  In  the  left-most  column  PPM  seismograms  for  each  single  mode  at  receiver  A  arc  illustrated.  In  the 
right-most  column  hybrid  filtered  seismograms  calculated  using  RT  integration  with  the  time  series  u(A,  i)  recorded  during  the  FE  calculations 
as  forcing  functions  and  the  tingle  mode  Green’s  functions  for  «  100  km  propagation  arc  illustrated.  The  hybrid  to  PPM  seismogram  rms 
amplitude  ratios  arc  illustrated  between  each  pair  of  seismograms.  Amplitudes  are  shown  to  the  left  of  each  pair  of  seismograms. 


node  by  mode  results  which  verify  this.  The  hybrid  tingle 
node  seismograms  illustrated  in  Fig.  11  are  calculated  using 
the  FE  displacements,  which  contain  nodes  on  the 
fundamental  and  first  five  overtone  branches,  as  forcing 
functions  and  single  node  Green’s  functions. 

For  a  real  case  the  complex  region  within  the  finite 
element  grid  would  produce  node  to  node  conversions  and 
conversions  to  body  waves  which  would  cause  non-uni  tary 
transmission  coefficients  and  non-tero  reflection  coefficients. 
A  nodal  analysis  of  a  hybrid  node  sum  seismogram  would 
require  the  calculation  of  the  reflection  and  transmission 
coefficients  for  each  node.  To  determine  the  transmission 
coefficient  the  ratio  of  the  hybrid  seismogram  to  the  PPM 
seismogram  would  be  taken  at  a  point  which  the  wavefront 
reaches  after  propagating  through  the  complex  region.  To 
determine  the  reflection  coefficient  the  ratio  of  the  energy  in 
the  seismogram  resulting  when  the  hybrid  and  PPM 
seismograms  are  differenced  and  the  energy  in  the  PPM 
seismogram  would  be  taken  at  a  point  which  the  incident 
wavefront  reaches  before  propagating  through  the  complex 
region. 


4  CONCLUSIONS 

In  this  paper  a  method  for  propagating  a  mode  sum 
wavefield  through  a  long  path  containing  short  segments 
which  indude  complex  regions  is  presented.  The  wavefield  is 
produced  by  a  point  double-couple  or  line  source  and  is 
propagated  from  that  source  through  a  plane-layered 
medium  to  the  edge  of  a  mixed  region  using  the  propagator 
matrix  method  (PM).  The  mixed  region  must  contain  the 
complex  region  and  small  sections  of  the  layered  structures 
adjoining  each  end  of  the  complex  region.  The  wavefield  is 
passed  across  the  boundary  between  the  plane-layered 
region  and  the  mixed  region  using  the  technique  discussed 
by  Regan  A  Harkrider  (1969).  The  wavefield  is  then 
propagated  through  the  mixed  region  using  the  finite 
element  (FE)  method.  After  propagation  through  the  mixed 
region,  the  FE  vavefield  is  sampled  at  each  node  along  a 
vertical  surface.  This  surface  must  lie  in  the  plane-layered 
region  which  the  wavefield  reaches  after  it  has  propagated 
through  the  complex  region  The  resulting  seismograms  are 
used  as  forcing  functions  in  the  representation  theorem 
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integral  which  propagates  the  wavefield  from  the  edge  of  the 
mixed  region  through  the  remainder  of  the  second  plane 
layered  region. 

In  this  paper  the  mathematical  implementation  of  the 
representation  theorem  integration  coupling  method  is 
developed  and  tested.  A  method  of  estimating  the  accuracy 
of  the  technique,  based  on  the  orthogonality  of  Love  waves, 
is  presented.  Finally,  the  Green's  function  filtering  technique 
for  modal  analysis  of  FE  or  hybrid  results  is  derived  and 
illustrated.  A  simple  model  which  consists  of  a  layer  over  a 
half-space  is  used  for  all  sections  of  the  propagation  path  in 
all  tests  described  in  this  paper.  This  simple  model  allows 
the  hybrid  seismograms  to  be  directly  compared  with 
seismograms  generated  using  a  single  application  of  the 
propagator  matrix  method  for  the  entire  path  (PPM).  The 
agreement  between  hybrid  seismograms  and  PPM  seismo¬ 
grams  for  examples  illustrated  in  this  paper  demonstrates 
the  validity  of  the  representation  theorem  integration 
coupling  method.  It  shows  that  the  method  can  produce 
hybrid  synthetic  seismograms  of  high  accuracy.  Evaluation 
of  a  simple  expression  derived  from  the  expressions  for  the 
hybrid  seismograms  in  propagator  matrix  notation  and  the 
corresponding  expression  of  the  orthogonality  relation  for 
Love  waves  allows  one  to  evaluate  the  expected  uncertainty 
for  any  single  mode  contribution  to  the  hybrid  seismogram. 
Evaluation  of  the  uncertainty  for  each  single  frequency 
mode  included  in  a  mode  sum  seismogram  has  been 
demonstrated  to  be  a  good  indicator  of  the  sources  of 
uncertainties  in  hybrid  seismograms.  The  modal  uncer¬ 
tainties  have  also  been  shown  to  provide  an  easily  evaluated 
predictor  of  the  vertical  extent  of  the  integration  surface, 
and  the  minimum  spacing  between  evaluation  points  on  that 
surface,  needed  to  provide  a  given  level  of  accuracy.  Results 
presented  in  this  paper  indicate  that  the  Green’s  function 
filtering  method  provides  accurate  hybrid  seismograms 
containing  only  those  modes  present  in  both  the 
representation  theorem  integration  forcing  functions  and  the 
Green’s  functions  used  as  a  filter.  Thus,  single  mode 
Green’s  functions  yield  hybrid  results  containing  only  a 
angle  mode. 
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APPENDIX  A 


In  this  appendix  the  expression  for  SH  displacement  and 
stress  at  a  receiver  at  depth  z  due  to  a  source  at  depth  h  are 
presented  in  terms  of  Harkrider's  (1964)  propagator  matrix 
notation.  First  strike-slip  and  dip-slip  double-couple  sources 
are  considered,  then  line  source  results  are  given.  Finally, 
line  source  Green  function  displacements  and  stresses  are 
developed. 

The  displacement  for  an  arbitrary  double-couple  source 
follows  directly  from  the  expression  ferr  the  SH  displacement 
at  depth  z  produced  by  a  double-couple  source  of  arbitrary 
orientation  at  depth  h  (Harkrider  1964,  1970). 

[v(r,  4>,  z,  to) )  *=  2mKmk1fip6l[  /cos  A  sin  6  cos  2<p 
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In  equations  (A1)-(A3),  A  is  the  strike  of  the  double-couple 
source,  6  is  the  dip,  ^  is  the  azimuth  to  the  station,  0  is  the 
SH  wave  velcoity,  p,  is  the  density  at  the  depth  of  the 
source,  A  is  the  source  depth,  to  is  the  frequency,  r  is  the 
distance  from  the  source  to  the  receiver,  cL  is  the  Love  wave 
velocity,  p(h)  and  u(z)  are  respectively  the  rigidity  at  the 
source  depth  and  at  the  receiver  depth. 


and 

l  »0  J H  IVq/c^Ih 

are  the  terms  that  transmit  the  source  disturbance  in  the  z 
direction  from  the  source  to  the  surface, 
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I  v„  J  H 

is  the  term  that  transmits  the  disruption  in  z  from  the 
surface  to  the  receiver,  and  the  term  containing  the  Hankel 
function  is  the  propagation  term  in  the  r  direction.  The 
source  term  is  defined  to  contain  all  the  angular  dependence 
on  6,  A,  and  p,  as  well  as  the  term  2 ink\pKm.  The  second 
•quality  in  the  first  expression  of  equation  (A2)  assumes  a 
•Sep  moment,  that  is  M(at) «  MJito. 

It  is  well  known  that  a  double-couple  of  arbitrary 
orientation  can  be  expressed  in  terms  of  a  linear 


combination  of  double-couple  sources  of  three  types, 
vertical  strike-slip  (6  « 90",  and  A « (f),  vertical  dip-slip 
(6  *  90°  and  A  -  90°),  and  45°  dip-slip  (6  -  45°  and  A  «=  90°). 
Thus,  results  for  these  three  fault  types  can  be  added  to 
produce  results  for  an  arbitrary  orientation,  removing  the 
necessity  to  repeat  the  entire  procedure  for  each  orientation 
to  be  studied.  In  fact,  for  SH  waves,  any  fault  geometry  can 
be  modelled  using  a  linear  combination  of  only  the  vertical 
dip-slip  and  the  vertical  strike-slip  faults.  Evaluating 
equation  (Al)  for  each  of  these  two  fault  types,  yields  the 
expressions  used  to  determine  displacement  seismograms  at 
a  receiver  at  depth  z  due  to  a  vertical  strike-slip  fault  at 
depth  A 
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and  due  to  a  vertical  dip-slip  fruit  at  depth  A. 
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The  analytical  expressions  for  the  stress  components  for 
SH  waves  from  a  point  double-couple  source  follow  directly 
from  these  expressions.  Only  the  final  term  in  equations 
(A4)  and  (AS)  depend  directly  on  z.  From  Harkrider  (1964) 
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All  terms  in  equations  (A4)  and  (A5)  except  the  Hankel 
function  are  constant  with  respect  to  x.  By  expanding  the 
Hankel  function  term  in  an  asymptotic  series  for  large  r,  and 
ignoring  terms  of  order  1/r,  it  can  be  shown  that 


3  /dH?\kLr)^  ..  dH?\kLr) 
dr  \  ~)  ~*L  Jr 


Thus,  taking  the  appropriate  derivatives  of  the  displacement 
expressions  yields  the  expressions  used  to  determine  stress 
time  histories  at  a  receiver  at  depth  z  due  to  a  vertical 
strike-slip  fault  at  depth  A 
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and  due  to  a  vertical  dip-slip  fruit  at  depth  A. 
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The  analytical  expressions  for  stress  due  to  a  line  source 
m  a  layered  medium  are  found  by  a  procedure  similar  to 
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that  used  above  to  obtain  the  stress  expressions  for  the  point 
double-couple  source.  The  displacement  at  depth  z  due  to  a 
hue  source  at  depth  A  is 


fM£2]  e-*^ 
u0  *»0 


(A10) 


Therefore,  the  stresses  for  the  2-D  line  source  are 


[^Uw£L,'*“  <A,,■, 

,)1  - 

(Allb) 

Applying  the  same  treatment  to  the  expression  for  the 
displacement  Green’s  function  for  a  line  source  in  a  layered 


half-space, 


(A12) 


gives  expressions  for  j,  and  Izz.i-  In  this  case  a  stress 
source  term  rather  than  a  stress  receiver  term  is  needed. 
Thus,  the  depth  derivative  is  taken  with  respect  to  the 
source  term.  The  form  of  the  depth  derivative  is  identical  to 
that  in  equation  (A6)  except  that  z  is  replaced  by  A. 
Therefore  the  derivatives  of  the  Green's  function  are 


[^22,s(*>  ^ifli  ij)l 


(A13b) 
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ABSTRACT 

Although  seismic  structures  are  generally  three-dimensional  (3-D),  numerical 
simulation  of  wave  propagation  through  laterally  heterogeneous  media  is  concep¬ 
tually  simpler  and  less  computationally  intensive  in  two  dimensions  (2-D). 
Source  expressions  for  2-D  that  have  the  same  radiation  patterns  as  their  3-D 
counterparts  have  been  derived  which  can  also  correct  for  the  differences  between 

2- D  and  3-D  wave  propagation  (Vidale  and  Helmberger,  1086;  Stead  and  Helm¬ 
berger,  1988;  Helmberger  and  Vidale,  1988).  Because  that  technique  approxi¬ 
mately  transforms  waves  from  a  cartesian  2-D  grid  to  a  cylindrically  symmetric 

3- D  world,  slightly  anisotropic  geometrical  spreading  in  2-D  better  approximates 
isotropic  spreading  in  3-D  than  simple  isotropic  spreading  in  2-D  does.  This 
paper  describes  a  correction  to  the  explosive  source  expression  which  reduces 
energy  traveling  vertically  out  of  the  source  region,  but  leaves  unchanged  the 
energy  traveling  laterally  out  of  the  source  region.  We  show  that  this  correction 
will  significantly  improve  the  results  of  using  a  2-D  grid  to  simulate  elastic  wave 
propagation  from  an  explosive  point  source. 

The  effect  of  shallow  station  structure  and  lateral  velocity  variation  are 
investigated  for  records  of  the  Amchitka  blasts  MILROW  and  CANNIKIN.  The 
differences  between  the  Meuller-Murphy,  Helmberger-Hadley,  and  von  Seggern- 
Blandford  reduced  displacement  potential  (RDP)  source  representations  are 
smaller  than  the  differences  produced  by  various  possible  velocity  structures. 
Using  a  model  based  on  known  structure,  a  better  fit  is  obtained  for  the  records 
of  MILROW,  primarily  for  the  surface  waves.  In  addition,  a  technique  is 
developed  to  Include  possible  source  asphericity.  Using  this  technique,  the 
Amchitka  blasts,  especially  CANNIKIN,  show  evidence  of  significant  aspherical 
cavity  formation. 
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INTRODUCTION 

Ideally,  one  would  like  to  simulate  wave  propagation  in  the  earth  with  3-D 
numerical  grids.  Such  experiments  are,  in  fact,  now  being  attempted  (Stevens 
and  Day,  1085,  Reshef,  et  a!.,  1088a,  Reshef,  et  al.,  1088b).  They  require,  how¬ 
ever,  very  large  amounts  of  computer  time  and  allow  energy  to  propagate  only  a 
limited  number  of  wavelengths,  so  that  they  do  not  apply  to  many  problems  of 
geophysical  interest  (see,  for  example,  Figure  13.11  of  Aki  and  Richards,  1077,  for 
the  range  of  application  of  various  methods).  Numerical  grids  in  2-D  have  been 
used  for  many  years  to  provide  insight  into  3-D  wave  propagation  problems  (see 
Boore,  1072,  for  example).  Recently,  we  have  developed  source  expressions  which 
allow  the  simulation  of  point  slip  dislocations  and  explosions  with  2-D  numerical 
grids  (Vidale  et  al.,  1085;  Vidale  and  Helmberger,  1086;  Stead  and  Helmberger, 
1088;  Helmberger  and  Vidale,  1088).  These  expressions  are  applied  to  a  fourth- 
order  explicit  FD  method.  We  find  this  method  to  be  accurate,  flexible  and  more 
efficient  numerically  than  implicit  FD  or  pseudo-spectral  methods  (pseudo- 
spectral  methods  are  discussed  by  Reshef,  et  al.,  1088a  and  Reshef,  et  al.,  1088b, 
among  others).  The  source  formulations  are  most  accurate  for  energy  that  pro¬ 
pagates  horizontally  away  from  the  source,  partly  because  the  asymptotic  solu¬ 
tion  is  most  accurate  for  large  range,  high  frequency,  and  non-vertical  take-off 
angle  (Vidale  and  Helmberger,  1086),  but  also  because  a  2-D  grid  does  not  prop¬ 
erly  simulate  3-D  geometrical  spreading.  We  describe  herein  a  source  term  that 
corrects  for  the  Improper  geometrical  spreading  at  most  take-off  angles. 

We  then  demonstrate  the  use  of  this  refinement  by  calculating  finite 
difference  synthetics  for  the  Amchitka  Island,  Alaska  blasts  MILROW  and  CAN¬ 
NIKIN.  The  LONGSHOT  blast  is  not  considered  due  to  the  lack  of  near-field 
data.  These  blasts  have  been  studied  extensively  by  other  researchers  (Lay,  Bur¬ 
dick  and  Helmberger,  1084,  Lay,  Helmberger  and  Harkrider,  1084,  Burdick,  et  *1., 
1084,  King,  et  al.,  1074,  Perret,  1072  and  Toksoz  and  Kehrer,  1072,  among  many 
others).  In  this  research,  because  the  structure  and  the  source  time  functions 
have  been  investigated,  these  blasts  are  a  good  demonstration  case. 
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The  blasts  are  described  in  detail  by  Perret  (1072).  MILROW  was  detonated 
October  2,  1969  at  a  depth  of  1219  m.  Its  yield  was  approximately  1  Mt.  CAN¬ 
NIKIN  was  detonated  November  6,  1071  at  a  depth  of  1701  m  with  a  yield  not 
more  than  5  Mt.  Both  shot  points  were  in  pillow  lavas  beneath  a  varied  sequence 
of  volcanic  breccias,  basalts  and  sediments. 

These  events,  because  of  their  size,  location  and  the  wealth  of  data  that  was 
released  at  the  time,  provided  seismologists  a  unique  opportunity  to  study  a 
broad  range  of  seismological  properties  of  nuclear  explosions  (Willis,  et  ah,  1972 
and  Engdahl,  1972,  among  others).  In  this  paper,  we  will  be  concerned  with  the 
near-field  seismic  records  of  these  blasts.  The  modeling  of  these  records  has  been 
the  subject  of  several  other  studies,  most  notably  Burdick,  et  al.  (1984)  and  Lay, 
Burdick  and  Helmberger  (1984),  where  the  researchers  simultaneously  model  the 
near-field  and  teleseismic  data.  Here,  we  will  take  the  source  parameters  and 
seismic  structure  from  these  studies  as  known,  to  demonstrate  the  effects  of  some 
modeling  procedures  made  possible  using  finite  difference  (FD)  wave  propagation. 
We  will  not  address  the  close-in  records  of  the  Sandia  Laboratories  experiments 
(Perret,  1973;  Perret  and  Breding,  1972)  because  our  FD  algorithm  does  not 
account  for  the  spall  observed  in  those  records.  We  use  FD  in  this  research  to 
demonstrate  the  limitations  of  one-dimensional  (1-D)  modeling  and  to  explore  the 
effects  that  realistic  2-D  structures  can  have  when  superimposed  on  a  good  1-D 
model. 

DIFFERENCE  BETWEEN  2-D  AND  »-D  WAVE  PROPAGATION 

The  equations  for  2-D  and  3-D  wave  propagation  are  similar,  but  there  are 
important  differences.  We  will  examine  the  acoustic  case,  although  the  same 
arguments  hold  for  the  elastic  case.  In  the  acoustic  case,  the  2-D  wave  equation 
for  homogeneous  media  is 

r» +  Ky  (i) 

where  P  is  pressure,  e  is  the  wave  velocity,  x  and  x  are  cartesian  coordinates, 
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and  subscripts  indicate  derivatives.  The  3-D  acoustic  wave  equation  for  homo¬ 
geneous  media  is 

p„  -'Up.,  +pn  +p«).  (*> 

where  y  is  the  third  cartesian  coordinate.  Cylindrical  co-ordinates  are  also 
appropriate  for  wave  propagation  near  a  horizontal  free  surface.  In  cylindrical 
coordinates 

P„  -  (/>„  +  P„  +  £-),  (3) 

where  r  and  z  are  the  radial  and  vertical  coordinates,  and  azimuthal  symmetry 
in  the  wavefield  'is  assumed.  The  term  that  is  multiplied  by  1/r  becomes  negligi¬ 
ble  as  r  becomes  large,  and  in  this  case  the  Equations  (1)  and  (3)  are  nearly 
equivalent. 

There  are  several  differences  between  waves  propagating  according  to  Equa¬ 
tions  (l)  and  (3).  In  2-D,  wave  amplitude  decays  with  geometrical  spreading  by 
1  Jy/R  ,  where  R  =  y/x2 +  z2,  but  in  3-D,  wave  amplitude  decays  by  1  (R , 
where  R  ■*=  y/r2  +  z2.  This  difference  can  be  corrected  by  multiplying  the 
amplitude  of  seismograms  produced  with  Equation  (1)  by  lfVfT ,  but  this  correc¬ 
tion  is  exact  only  for  a  homogeneous  media.  If  the  true  raypath  is  strongly  bent 
by  v;’ocity  gradients,  the  appropriate  R  may  be  difficult  to  find.  If  there  are 
several  raypaths  between  the  source  and  receiver,  the  appropriate  R  is  ambigu¬ 
ous  and  impossible  to  find. 

In  2-D,  an  impulsive  buret  of  energy  at  the  source  results  in  an  impulsive 
buret  of  energy  at  the  receiver  followed  by  a  line  source  tail  which  decays  as 
l/y/t  ,  where  f  is  the  time  after  the  first  arrival  of  energy  at  the  receiver.  In  3- 
D,  an  impulsive  burst  of  energy  at  the  source  results  solely  in  an  impulsive  burst 
of  energy  at  the  receiver.  The  arrivals  with  a  line  source  tail  that  result  from  the 
use  of  a  2-D  numerical  grid  can  be  restored  to  point-source-like  impulsiveness  by 
convolution  with  the  time  series  H(t)  /\ZT  ,  followed  by  differentiation  with 
respect  to  time.  Here  H(t)  is  the  Heaviside  step  function.  The  seismograms 
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produced  are  approximately  those  that  would  result  from  a  source  on  the  axis  of 
symmetry  is  a  cylindrically  symmetric  medium. 

The  corrections  above  have  been  suggested  in  Vidale  et  al.  (1085)  and  Vidale 
and  Helmberger  (1086),  but  a  further  correction  has  been  derived  in  Stead  and 
Helmberger  (1088)  to  approximate  the  anisotropy  in  geometrical  spreading  neces¬ 
sary  to  exactly  simulate  3-D  wave  propagation  in  a  2-D  numerical  grid.  Below, 
we  provide  physical  insight  into  this  correction. 


CORRECTION  FACTOR  FOR  EXPLOSIONS  IN  2-D 


We  will  show  that  the  amount  of  energy  leaving  the  source  region  at  an 
angle  t  with  the  vertical  in  the  2-D  grid  may  be  approximated  by  the  amount  of 
energy  in  the  point  source  case  multiplied  by  v^sin  *  .  The  additional  v/sin  *  in 
the  point  source  or  3-D  solution  can  be  explained  in  terms  of  geometrical  spread¬ 
ing,  as  is  shown  in  Figure  1.  The  energy  between  takeoff  angles  t0  and  «0  +  di0 
for  the  point  source  becomes 

(2rrsini0r)r  di0  .  . 

EP  =  - - — r -  «=  sint0d«o 

2k  r* 

while  for  the  line-source 


El 


2k  t  dt0 
2k  r 


(5) 


Since  energy  is  proportional  to  the  square  of  the  amplitude  we  obtain  the  vshTt 
dependence. 


If  we  use  an  isotropic  explosion  as  the  source  in  the  2-D  model,  each  arrival 
in  a  record  may  have  a  different  take-off  angle  t ,  but  we  can  only  correct  for  a 
constant  vVin  »  .  The  result  is  that  the  vertically  traveling  energy  is  emphasized 
over  horizontally  traveling  energy  in  the  line  source  compared  to  the  point  source 
case.  One  might  ask  why  not  simply  multiply  the  isotropic  source  by  %/sin  «  . 
Unfortunately,  such  a  source  does  not  satisfy  the  2-D  elastic  wave  equation  and 
will  not  maintain  the  v/sin  »  radiation  pattern  once  the  energy  leaves  the  source 
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region*  primarily  because  the  cusp  in  the  vVin  t  at  *  ■«  0°  does  not  satisfy  the 
2-D  elastic  wave  equation. 

The  source  functions  found  to  be  solutions  to  the  2-D  elastic  wave  equation 
have  radiation  patterns  of  sin*  i  cos’*  t ,  where  n  and  m  are  free  parameters. 
An  isotropic  line  source  explosion,  for  example,  is  the  solution  with  n  m  «■=  0, 
and  the  dislocation  sources  have  n  4m  «2  (Vidale  and  Helmberger,  1086; 
Helmberger  and  Vidale,  1068).  Also,  because  of  the  asymptotic  nature  of  our  solu¬ 
tions,  the  compressions!  and  shear  parts  of  the  source  separate.  The  2-D  to  3-D 
correction  we  adopt  is  to  add  the  compressional  component  of  the  horizontally- 
directed  force  term  (n  «  1  and  m  *=  0)  to  the  isotropic  explosive  source.  This 
term  is  added  so  that  it  decreases  the  amplitude  of  energy  leaving  the  source 
vertically,  but  leaves  unchanged  the  amplitude  of  energy  leaving  the  source  hor¬ 
izontally. 

These  two  terms  can  be  thought  of  as  the  first  two  terms  of  a  Taylor  series 
expansion  of  Vsin  i  about  the  point  i  *  90°.  Higher  order  corrections  could  be 
added,  but  we  choose  not  to,  for  the  following  reasons.  The  first  two  terms  alone 
provide  a  sufficiently  accurate  solution,  but  when  n  or  m  is  increased  by  1  the 
pseudo-near-field  terms  in  the  solution  grow  more  prominent  by  a  factor  of  t , 
that  is,  the  asymptotic  solution  diverges  by  another  factor  of  t .  An  isotropic 
line-source  explosion  has  a  constant  pseudo-near-field  term,  which  is  analogous  to 
an  explosion  in  a  3-D  medium,  where  there  may  be  some  permanent  deformation 
near  the  source.  The  compressional  component  of  force  described  below  grows 
with  time  as  t,  and  slip  dislocation  sources  grow  with  time  as  I3  (see  Vidale  and 
Helmberger,  1988).  Therefore,  while  the  addition  of  higher-order  terms  in  the 
Taylor  series  would  make  the  source  radiation  pattern  more  closely  resemble 
>/sin  «  ,  It  would  also  add  more  severe  pseudo-near-field  terms  to  the  displace¬ 
ment  field  in  the  finite  difference  grid. 

The  following  solutions  for  a  delta  function  source  in  a  whole-space  (see 
Stead  and  Helmberger,  1988).  Define 


68 


(«) 


r„- 


*  -  yfimt-KI q)  1  m 

where  a  Is  compressions]  wave  velocity,  A  Is  the  absolute  distance  between  the 

source  and  receiver,  and  t  is  time.  The  analytic  whole-space  expressions  for  an 

isotropic  explosion,  that  may  be  used  as  internal  boundary  conditions  surround- 
« 

ing  a  source  in  a  2-D  numerical  grid,  are 

(?£  ■  f  ♦„  and 

WE  -  -*  *a  ,  W 

where  r  is  the  horizontal  component  of  R  ,  and  is  positive  in  the  direction  of  the 
receiver,  and  z  is  the  vertical  component  of  R ,  and  b  positive  downward.  QE 
and  WE  are  the  radial  and  vertical  components  of  displacement. 

The  expressions  for  QF  and  WF  for  a  line-force,  which  has  a  sin  t  radiation 
pattern  are 

Qf  —  *o  (  r*  -  z2  +  Ta  z 2)  and 

(0) 

W>-*^*o(-2rz  +  ro«). 

Taken  together,  allowing  for  arbitrary  combination  of  the  terms  using  the  param¬ 
eter  kj  (force  ratio),  the  result  b 

*  « 

The  time  function  appropriate  for  an  explosion,  the  RDP,  b  included  by  convolu¬ 
tion  after  propagating  the  source,  Q  and  W ,  through  the  FD  grid  and  extracting 
the  response,  Q  and  W ,  at  the  desired  receiver.  Thus,  the  complete  expression 
for  the  line  source  synthetic  b 
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'where  ♦(! )  —  'l'00(l-e~*(  X1+-K*  +♦..),  “<1  ♦oo  l1®8  un,t8  °f  volume.  The  func¬ 
tion  I  is  the  instrument  response,  and  the  function  A  is  the  attenuation  operator. 
This  is  similar  to  the  moment  release  expression  In  Vidale  and  Helmberger  (1086) 


10rlO  0A/o(t)  [Q] 

4*pc?  Tt  I W) 


*  I  *  A, 


(12) 


vdiere  Af0  b  the  earthquake  moment  and  p  b  the  density. 

By  judiciously  mixing  the  explosive  and  force  terms  (varying  kj),  we  can 
modify  the  vertical  radiation  pattern  of  the  explosion  to  better  mimic  x/shTt"  in 
the  range  we  desire.  Figure  2  shows  the  radiation  patterns  that  result  from  using 
kj  «=  0,  kj  ms  0.5  and  kj  — *  0.6.  These  cases  are  compared  with  x/sin  7  and 
isotropic  line  source  radiation  patterns.  Energy  that  leaves  the  source  at  angles 
near  »  «=  00°  is  not  affected  by  the  correction,  but  energy  at  angles  near  i  *=  0° 
b  markedly  affected.  The  mix  of  explosion  and  line-force  expressions  determines 
where  in  the  radiation  pattern  the  source  is  most  accurate.  As  seen  in  Figure  2, 
kj  *=  0.5  b  most  accurate  near  i  *  00°  while  kj  mm  0.6  b  less  accurate  near 
«  =  00°,  but  more  accurate  near  *  *  30°.  It  b  dear  from  Figure  2  that  only 
energy  leaving  the  source  at  positive  angles  may  be  modeled  with  this  corrected 
source. 

As  described  in  Stead  and  Helmberger  (1088),  the  line  source  seismograms 
are  transformed  into  point  source  seismograms  by: 


2  d  (  1  , 

TEw?  dt  l  7T 


(13) 


where  Qp  and  Wp  are  horizontal  and  vertical  displacements  in  cm. 

This  correction  factor  will  change  the  relative  amplitude  of  arrivals  by  the 
x/sin  i  factor  shown  in  Figure  2.  The  effect  of  a  kj  ms  0.5  correction  for  an 
explosion  in  a  half-space  b  shown  in  Figure  3.  The  corrected  FD  seismograms 
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have  Rayleigh  waves  of  larger  amplitude  relative  to  the  direct  compressional 
waves  than  do  the  uncorrected  seismograms,  and  they  agree  better  with  the 
seismograms  generated  by  the  Cagnaird  method,  which  is  known  to  be  accurate 
(see  Apsel  and  Luco,  1983,  for  example).  The  vVin  *  corresponds  to  Vp  ,  where 
the  real  part  of  the  horizontal  slowness  p  is  p  *  rt  /  Ri.  The  correction 
increases  the  size  of  the  Rayleigh  waves  because  they  have  a  greater  horizontal 
slowness  than  the  direct  compressional  waves.  The  correction  becomes  more 
Important  the  more  nearly  vertically  the  energy  is  traveling.  In  modeling  short* 
period  P  waves  from  the  Nevada  test  site,  Stead  and  Helmberger  (1988)  have 
found  this  correction  to  be  crucial. 

APPLICATION  TO  AN  EXPLOSION  ON  AMCHITKA 

We  now  use  the  corrected  source  to  investigate  the  records  of  explosions  on 
Amchitka  Island,  which  is  among  the  Rat  Islands  group  of  the  Aleutian  Islands  in 
the  Pacific  ocean.  As  discussed  above,  the  models  in  Burdick,  et  al.  (1984),  Lay, 
Burdick  and  Helmberger  (1984)  and  Lay,  Helmberger  and  Harkrider  (1984)  are 
taken  here  as  the  best  1-D  approximations.  Burdick,  et  al.  (1984)  show  that  the 
records  from  the  explosion  MILROW  for  the  stations  shown  in  Figure  4  can  be 
modeled  fairly  well  with  a  layered  structure.  The  P-wave  crustal  model  in  Table 
2  consists  of  8  of  the  9  layers  derived  by  Burdick,  et  al.  (1984)  by  fine-tuning  the 
model  proposed  by  Engdahl  (1972).  This  model  predicted  the  observed  P-wave 
travel  times  well,  and  the  S-wave  velocit>  structure  was  added  in  that  investiga¬ 
tion  to  model  the  Rayleigh  wave  arrivals.  A  comparison  of  synthetics  generated 
by  various  methods  including  FD  and  assuming  the  fiat-layered  Burdick  model  is 
discussed  in  Vidale  and  Helmberger  (1988).  We  will  be  interested  primarily  in 
perturbations  of  this  flat-layered  structure  and  the  corresponding  effects  on  the 
resulting  waveforms. 

Geologic  constraints  on  the  structure  are  obtained  from  a  report  by  Orphal 
et  al.  (1970)  which  displays  geologic  cross-sections  from  the  blast  to  the  various 
stations.  Density,  shear  wave  velocity  and  compressional  wave  velocity  for  the 
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Amchitka  sites  can  be  obtained  from  well-log  information,  Perret  (1073)  and  Per- 
ret  and  Breding  (1072).  Figures  5a  through  5c  show  the  S-velocity,  P-velocity 
and  density  profiles  chosen  as  models  of  the  Amchitka  structure.  These  models 
are  tested  below  to  evaluate  the  relative  importance  of  various  features  in  the 
available  information  about  Amchitka  structure. 

The  first  experiment  tests  the  effect  of  smoothing  the  layer  boundaries.  This 
is  accomplished  by  specifying  a  gradient  region  which  straddles  the  original  sharp 
layer  boundary  (see  Table  3).  The  results  of  these  trials  are  shown  in  Figure  6. 
In  this  figure,  the  synthetics  for  both  the  sharp  layer  boundaries  and  gradient 
boundaries  are  compared  at  two  ranges  for  the  events  CANNIKIN  and  MIL- 
ROW.  The  RDP  source  time  function  used  is  that  of  Helmberger  and  Hadley 
(1981) 

*(t )  =  [l  -  e~Ki  ( 1  +  Kl  +  0.5(Kt  )2  -  B(Kt  )3)  ]  (14) 

The  source  for  MILROW  has  K=6,  B=1  and  ,l'cic=10n,  and  the  source  for 
CANNIKIN  has  K— 9,  B=0.825  and  ♦00«=5.69  X  I0n,  both  as  determined  by 
Lay,  Helmberger  and  Harkrider  (1984).  The  most  obvious  effect  is  a  change  in 
frequency  content.  This  is  to  be  expected;  a  gradient  rone  appears  ’sharper’  to 
low-frequency  energy  than  to  higher-frequency  energy.  In  fact,  the  gradients  used 
in  this  case  are  more  effective  in  turning  long  period  energy  than  sharp  boun¬ 
daries,  as  shown  by  the  larger  Rayleigh  waves  for  the  CANNIKIN  synthetics. 
Another  effect  is  that  individual  reflected  phases,  and  multiples  in  particular,  are 
not  large  and  impulsive  in  the  gradient  case.  This  effect  is  particularly  evident 
for  a  phase  about  7  seconds  after  the  first  arrival  on  the  radial  component  of  the 
CANNIKIN  synthetics  at  20  km.  The  large  arrival  for  the  sharp  boundary  case 
is  completely  unresolved  in  the  gradient  synthetic.  The  apparent  slowness,  phase 
behavior  and  timing  are  consistent  with  a  wide-angle  multiple.  One  would  expect 
wide-angle  reflections  and  multiples  to  be  affected  most  strongly  by  gradational 
layer  boundaries.  Several  other  similar  phases  exist  for  both  MILROW  and 
CANNIKIN  synthetics  at  various  ranges,  although  normally  they  are  reduced  in 


amplitude  by  about  one-half  and  resolved  for  both  models.  Thus,  late  multiples 
can  be  greatly  reduced  in  amplitude  by  gradients,  while  the  direct  arrivals  and 
refractions  near  the  first  arrival  are  virtually  unchanged.  This  is  important  to 
consider  since  observed  seismic  boundaries  typically  have  some  gradational  char¬ 
acter  even  at  sharp  geologic  boundaries. 

A  second  case  we  examine  is  the  effect  of  'random’  media.  Observed  seismic 
structure  usually  Is  not  constant  or  smoothly  varying  with  depth  on  scales  as 
small  as  100  meters.  The  media  parameters  are  observed  to  fluctuate  about  some 
smoother  large-scale  structure.  This  is  evident  in  the  velocity  and  density  logs 
taken  from  the  instrument  holes  on  Amchitka  Island  (Figures  7a  and  7b,  adapted 
from  Perret  and  Breding,  1972  and  Perret,  1073).  These  structures  correlate  with 
the  geology  and  are  likely  to  be  larger  horizontally  than  vertically.  To  investi¬ 
gate  the  effect  of  such  variations  we  add  randomness  to  the  upper  layers  of  the 
gradient  model  discussed  above  (see  Table  4).  The  gradient  model  is  used  as  a 
base  to  avoid  large,  perhaps  unrealistic  variations  in  the  synthetics  resulting  from 
caustics  in  the  sharp-boundary  case.  The  variances  are  larger  (in  percent)  for  the 
shallowest  layers  to  allow  for  some  effect  of  pressure  in  reducing  the  amplitude  of 
variations.  The  randomness  in  the  model  is  not  as  strongly  varying  as  the 
observed  well-log  data,  but  is  a  filtered  version  to  demonstrate  the  effect  without 
requiring  too  fine  a  grid  spacing  for  the  FD  model.  We  also  permit  the  horizontal 
and  vertical  aspects  to  differ,  for  the  reasons  stated  above.  The  aspects  are  essen¬ 
tially  the  mean  anomaly  radii  in  each  dimension.  The  results  are  shown  in  Fig¬ 
ure  8,  compared  to  the  gradient  case.  As  expected,  the  random  media  scatter 
high-frequency  energy  far  back  into  the  coda;  it  is  even  seen  following  the  arrival 
of  the  Rayleigh  wave.  The  scattering  completely  obscures  later  multiples  in  the 
record.  This  has  interesting  implications  for  one-dimensional  (1-D)  models.  Fun¬ 
damentally,  it  means  that  crustal  multiples  from  sources  less  than  2  km  deep 
may  not  be  well-behaved  and  should  not  be  used  to  constrain  1-D  velocity 
models.  Perhaps  late  pubes  in  the  near  field  should  not  be  modeled;  this  would 
be  additional  justification  for  the  approach  of  Burdick,  et  al.  (1984),  where  just 
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the  first  few  arrivals  and  the  surface  wave  are  modeled.  The  information  con¬ 
tained  in  such  coda  could  determine  statistical  properties  of  the  medium,  but  lit¬ 
tle  more. 

The  effect  of  site  material  is  investigated  in  Figure  0.  Site  properties  often 

vary  among  stations  due  to  the  erosion  of  fault  or  fold  geometries  or  the  existence 

of  basins,  ridges  and  other  structures.  Here,  we  surround  one  station  with  a  fast 

(hard)  material  lens  1  km  in  diameter,  and  the  next  station  out  with  a  slow  (soft) 

lens,  also  1  km  in  diameter.  Both  lenses  are  tapered  somewhat  with  depth  to 
« 

mimic  the  generic  forms  for  the  corresponding  geologic  structures.  That  is,  the 
fast  lens  is  wider  at  its  base,  and  the  slow  lens  is  wider  at  top.  The  slow  material 
has  compressions!  wave  velocity  a  *=  2.0  km  s"1,  shear  wave  velocity  fi  =  1.13 
km  s'1,  and  density  p  =  2.3  g  cm-3,  the  fast  material  has  a  *=  4.5  km  s'1,  /?  = 
2.55  km  s'1,  and  p  =  2.7  g  cm-3,  and  the  top  of  the  rest  of  the  layer,  which  is 
200  mej-ers  thick,  has  a  *=  3.0  km  s'1,  $  **  1.7  km  s'1,  and  p  =  2.5  g  cm*3.  The 
remaining  layers  are  the  same  as  those  listed  in  Table  3. 

For  both  CANNIKIN  and  MILROW  the  amplitude  at  the  receiver  on  the 
slow  site  is  a  factor  of  1.5  larger  than  at  the  receiver  in  the  same  position  in  the 
plane-layered  model.  A  simple  conservation  of  energy  argument,  ignoring  the 
transmission  coefficient  into  the  slow  layer,  would  predict  an  amplification  of 
(t>2  y/pl)/{v1  y/7l)  =  1.6,  where  v  is  velocity  and  p  is  density,  subscript  1  refers 
to  the  slow  medium  and  subscript  2  refers  to  the  top  layer  of  the  plane-layered 
model.  When  the  transmission  loss  on  entering  the  slow  material  is  considered, 
the  observed  amplification  factor  agrees  with  the  simple  prediction.  Another 
effect  is  that  the  particle  motion  for  MILROW  at  the  slow  site  (receiver  at  7  km) 
is  more  vertical  than  that  for  the  laterally  homogeneous  case.  This  is  due  to  the 
greater  refraction  of  the  ray  due  In  turn  to  the  greater  velocity  contrast.  Small 
reverberations  and  conversions  in  the  slow  media  may  be  seen  1  to  2  seconds 
after  the  initial  pulse.  At  15  km  for  CANNIKIN,  the  Rayleigh  wave  is  not 
amplified  as  much  as  the  initial  P-wave.  This  is  most  likely  due  to  the  relative 
frequency  content  of  the  waves;  the  Rayleigh  wave  (2  second  period)  samples  a 
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range  of  depths  much  greater  than  200  meters  and  is  therefore  less  affected  by 
the  contrast.  At  the  station  on  the  faster  material,  the  amplitude  ’is  smaller  by  a 
factor  of  1.2  versus  the  simple  prediction  of  1.5,  not  corrected  for  transmission. 
Thus,  the  simple  prediction  does  not  work  well.  Other  factors,  such  as  focusing, 
diffraction,  and  the  free-surface  interaction  may  be  important.  The  direct  waves 
and  longer-period  surface  waves  are  unchanged  at  the  ranges  of  10  and  12  km 
(which  are  beyond  the  local  station  structures),  although  small  scattered  shorter- 
period  phases  do  enter  the  records. 

The  structure  between  the  blast  and  station  M05  (Figure  10)  is  approxi¬ 
mated  from  Orphal  et  al.  (1070).  The  velocity  model  below  the  source  is  the 
same  as  in  the  sharp  boundary  model,  and  the  synthetics  are  compared  to  those 
of  the  sharp  boundary  case  in  Figure  11.  This  result  is  similar  to  the  result  of 
the  previous  case  in  that  the  waveforms  are  quite  sensitive  to  the  structure  where 
the  rays  bottom.  The  amplitudes  differ  by  up  to  50%.  About  30%  more  ampli¬ 
tude,  which  translates  to  70%  more  energy,  is  converted  into  the  surface  wave  by 
the  structures  which  dip  down  away  from  the  source.  This  tendency  of  dipping 
layers  to  convert  body  waves  to  surface  waves  is  examined  in  more  detail  in 
Vidale,  et  al.  (1085).  Conversely,  we  note  here  that  layers  dipping  the  opposite 
direction  convert  surface  waves  to  body  waves  (Stead  and  Helmberger,  1988). 

Shallow  structure  is  seen  to  affect  the  amplitude  of  body  waves  as  well  as 
surface  waves.  These  effects  are  difficult  to  model  deterministically  because  the 
structures  are  poorly  known.  Derivation  of  a  relatively  detailed  flat-layered 
model  with  sharp  boundaries  using  ray  techniques  may  help  to  understand  the 
wave  propagation  Involved,  but  should  not  be  taken  to  represent  the  detailed 
structure  of  the  earth.  Unknown  shallow  structure  may  contribute  to  the  misfit 
between  the  synthetic  seismograms  and  the  data  to  be  examined  below. 
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COMPARISON  OF  VARIOUS  STRUCTURE  MODELS  AND  DATA 

Now  we  compare  the  synthetics  for  the  various  cases  described  above  to  the 
available  near-field  data.  The  purpose  is  to  show  which  of  the  various  structures 
result  in  the  best  fit  to  the  data.  We  choose  four  stations,  two  for  each  event,  as 
representative  of  the  available  data.  For  MILROW  these  stations  are  M01  and 
M06,  at  8.0  and  11.5  km,  respectively.  For  CANNIKIN,  we  choose  M05  and  M06 
at  15.8  and  18.7  km,  respectively. 

Figure  12  shows  a  comparison  of  the  radial  and  vertical  records  from  station 
M01  for  MILROW.  These  data  are  compared  to  the  synthetic  response  at  8  km 
for  four  of  the  above  models:  the  gradient  boundaries,  the  sharp  boundaries,  the 
faulted  geometry  and  the  random  media.  The  first  arrival  is  well-modeled  by 
both  the  sharp  and  gradient  boundary  cases.  This  is  not  surprising,  since  Bur¬ 
dick,  et  al.  (1084)  fine-tuned  the  sharp  boundary  model  to  the  data.  But,  the 
longer-period  part  of  the  signal,  which  includes  the  Rayleigh  wave,  is  best 
modeled  by  the  faulted  geometry.  This  station  is  not  far  from  the  faults 
represented  in  Figure  10,  so  vne  affects  of  the  faults  and  tilted  layers  are  resolved 
in  this  case.  In  Figure  13,  the  station  M06  for  MILROW  shows  the  same  result, 
the  faulted  model  most  accurately  models  the  data. 

The  CANNIKIN  station  M05  is  compared  to  the  synthetics  in  Figure  14. 
Here,  the  gradient  model  is  the  best  fitting.  From  this  we  infer  that  the  effect  of 
the  faults  on  the  larger,  longer  period  and  more  distant  source  CANNIKIN  is  not 
as  strong  as  that  for  MILROW.  In  addition,  the  effects  of  sharp  boundaries  are 
clearly  not  present  in  the  data.  Some  filtering  appears  necessary  for  the  other 
three  cases,  perhaps  crustal  Q  is  important  and  would  reduce  some  of  the  higher 
frequencies  in  the  coda.  Station  M06  for  CANNIKIN  shows  the  same  result  (Fig¬ 
ure  15). 
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COMPARISON  OF  VARIOUS  BOMB  SOURCES  AND  DATA 


In  this  section  we  will  show  that  for  the  data  we  are  using,  structure  has 
more  effect  in  determining  the  amplitudes  and  shaping  the  waveforms  than  the 
type  of  RDP  used.  Several  RDP  functions  have  been  proposed,  but  in  this  sec¬ 
tion  we  will  show  that  no  one  source  model  significantly  outperforms  the  others 
for  the  near-field  body  and  surface  waves  for  the  explosion  MILROW  and  CAN¬ 
NIKIN.  The  source  of  Helmberger  and  Hadley  (1081)  (H-H)  was  described  above, 
but  the  sources  of  von  Seggern  and  Blandford  (1072)  (vS-B)  and  Meuller  and 
Murphy  (1071)  (M-M)  are  also  frequently  used  in  the  study  of  explosions. 

Von  Seggern  and  Blandford  (1072)  postulate  a  source  given  by 

*(0=*oo  [l -t~K'x  (l  +  K'*  -B'(K't)2)]  (15) 

where  is  the  source  strength,  and  K'  and  B'  are  corner  frequency  and 
overshoot  parameters  similar  to  K  and  B  in  the  H-H  source. 

Meuller  and  Murphy  (1971)  postulate  a  source  most  easily  expressed  as  a 
convolution  (Barker  et  al.,  1085): 
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where  the  *  indicates  convolution  and  P  (1 )  and  F(t)  are  as  follows: 
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The  constants  C  t  through  C4  are  calibration  constants  dependent  on  the  source 
medium  and  defined  as  follows 


'  C,  «=  200,000(— ~— ) 2 4  (27) 

PAcal 

C2  «=  1630  £  0  62  fi~°u  /T067  (28) 

C3  =  compaction  factor  (hard  rock  1.0,  tuff  0.6)  (29) 

C4  *=  proportionality  factor  (tuff  1.5,  rhyolite  2.0)  (30) 


The  amplitude  calibration,  A  /Attl ,  is  determined  using  calibration  events  (eg: 
2.8  for  salt,  2.0  for  shale  and  0.25  for  tuff).  For  the  other  values  in  the  equations, 
Y  is  the  yield  in  kilotons,  h  is  the  source  depth,  p  is  the  density,  Vf  is  the 
compressions!  wave  velocity,  E  is  Young’s  modulus,  and  X  and  n  are  Lame’s  con¬ 
stants.  All  parameters  except  the  yield  are  in  cgs  units.  The  convolution  in 
Equation  16  Is  analytic,  resulting  in  the  following  expression  for  the  source 

•(*>-■£{  [(•+«)•' -  «» («)-»•' -  «*  (M  )  +  »•■“] 

+  (*<)+*]  }  (31) 
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Although  the  expression  of  Equation  16  is  simpler,  this  expression  is  often  more 
convenient  in  practice. 

The  parameters  used  for  the  three  sources  are  given  in  Table  5.  Those  for 
the  M-M  source  are  determined  by  local  structure,  source  depth  and  source  size. 
The  parameters  for  the  other  two  sources  are  determined  from  teleseismic  body 
and  surface  waves  by  Lay,  Helmberger  and  Harkrider  (1084). 

The  three  RDP  representations  are  compared  in  Figure  16.  The  far-field  dis¬ 
placement  time  functions  for  the  three  sources  are  shown  at  the  top.  There  is  lit¬ 
tle  difference  between  the  three  traces.  The  RDP  functions  are  plotted  next,  and 
the  level  of  the  permanent  offset,  is  1.4  x  10u  for  the  H-H  and  vS-B  sources 
and  2.4  x  1011  for  the  M-M  source.  At  the  bottom  are  the  spectra  of  the  dis¬ 
placement  time  histories.  The  spectra  are  similar  except  that  the  M-M  source  has 
a  higher  long-period  level. 

The  data  are  compared  to  FD  seismograms  computed  for  the  M-M,  vS-B, 
and  H-H  sources  in  Figures  17  and  18.  The  various  source  time  functions  are 
convolved  with  the  FD  impulse  responses  to  form  the  seismograms  in  these 
figures. 

Figure  17  shows  the  comparison  for  MILROW  at  station  M01.  Here,  the 
vertical  amplitudes  are  all  within  5%  of  those  for  the  data,  but  the  fit  to  the 
radial  component  is  not  as  good.  There  is  little  difference  between  the  three  RDP 
sources.  This  observation  agrees  with  the  spectra  in  Figure  16,  where  there  is  lit¬ 
tle  difference  between  the  different  sources.  Figure  18  shows  the  comparison  for 
CANNIKIN  at  station  M05.  The  amplitudes  of  the  RDP  seismograms  are  within 
25%  of  the  those  of  the  data  in  all  eases,  and  within  20%  in  every  case  but  one. 
Here,  there  appears  to  be  a  slight  preference  for  the  M-M  formulation. 

The  fit  to  the  data  is  good,  but  the  differences  between  the  synthetics  for  the 
various  sources  are  less  than  the  difference  between  the  data  and  any  of  the  syn¬ 
thetics.  The  differences  between  the  data  and  the  synthetics  are  of  the  same 
order  as  the  differences  between  the  synthetics  for  different  plausible  structures. 
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In  ibis  case,  tilting  layers  which  can  trap  more  energy  and  local  receiver  effects 
which  amplify  or  diminish  body-wave  arrivals  are  at  least  as  important  as 
differences  in  the  type  of  RDP.  Details  of  the  structure  must  be  better  deter¬ 
mined  before  details  of  the  source  time  function  can  be  resolved  in  the  near-field. 

A  final  variation  on  the  bomb  source  is  the  inclusion  of  possible  source  asym¬ 
metry.  The  motivation  for  investigating  this  effect  is  large  variations  in  the  ratio 
of  first  arrival  amplitude  to  Rayleigh  wave  amplitude  seen  in  the  data,  but  not 

accurately  modeled  by  the  various  approaches  discussed  above.  Physical  condi- 
« 

tions  which  would  lead  to  the  formation  of  asymmetrical  cavities  are  readily  pos¬ 
tulated;  for  example,  bedding  plane  control  or  rapid  vertical  changes  in  material 
strength.  The  inclusion  of  asymmetry  is  accomplished  through  modification  of 
the  radiation  pattern,  similar  to  the  implementation  of  the  correction  discussed 
above.  The  correction  for  an  ellipsoidal  cavity  requires  the  introduction  of  S- 
wave  radiation  at  the  source.  Figure  10  is  the  basis  for  the  development  of  the 
correction:  the  correction  is  quadrupole-like,  and  for  ellipsoidal  cavities  with  a 
principle  axis  oriented  vertically,  this  quadrupole  should  be  well-approximated  by 
a  45°  dip-slip  double-couple.  We  say  quadrupole-like  because  in  3-D  the  pattern 
is  radially  symmetric,  yet  this  is  ideal  for  2-D  simulations.  Double-couple  sources 
are  derived  and  discussed  in  Helmberger  and  Vidale  (1088).  When  scaled  for 
RDP  instead  of  moment,  the  double-couple  may  be  added  linearly  to  the  explo¬ 
sion  result  to  produce  the  response  from  any  ellipsoidal  cavity  in  a  radially- 
symmetric  medium,  cavities  ranging  from  pancakes  to  pencils.  The  explosion 
result  should  already  delude  its  correction,  with  kj  set  for  the  appropriate  take¬ 
off  angles. 

The  linear  combination  of  the  two  -sources  to  provide  a  range  of  cavities 
from  pancake  to  pencil  may  be  expressed  as  Explosion  +  e  X  Double-Couple, 
where  -1  <  e  <  1.  Note  that  for  the  pencil  case  (prolate),  we  expect  a  smaller 
teleseismic  P-wave,  whereas  the  pancake  shape  (oblate)  enhances  the  P-wave.  At 
near-regional  distances  the  P-waves  are  affected  less,  but  the  surface  waves  are 
strongly  affected  as  displayed  in  Figures  20  and  21.  The  e  factor  is  set  at  0.4  in 
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these  two  figures  for  demonstration.  Rayleigh  waves  are  relatively  enhanced  for 
the  prolate  case.  MILROW  observations  favor  the  spherical  explosion  with 
perhaps  a  small  prolate  correction  for  some  of  the  stations  (eg.  M04).  The  CAN* 
NIKIN  observations  strongly  support  a  prolate  correction  with  respect  to  the 
surface-wave  development.  However,  the  estimates  are  crude,  taking  into 
account  the  fact  that  the  correction  postulated  here  for  ellipsoidal  cavities  Is  com¬ 
pletely  ad-hoc;  it  has  not  been  rigorously  derived  with  attention  to  frequency 
dependence,  coupling,  anelastic  material  behavior,  etc.  Nevertheless,  we  believe 
this  correction  is  a  good  first-order  approach  to  the  asphericity  problem  and  note 
that  due  to  its  quadrupole  nature,  it  may  be  necessary  to  consider  when  estimat¬ 
ing  tectonic  release. 

CONCLUSIONS 

The  use  of  two-dimensional  finite  difference  algorithms  to  understand  acous¬ 
tic  and  elastic  wave  propagation  is  a  powerful  tool.  The  additional  term 
described  in  this  paper  to  correct  for  the  difference  between  two-  and  three- 
dimensional  geometrical  spreading  significantly  improves  the  accuracy  of  these 
numerical  solutions. 

Shallow  station  structure  and  lateral  velocity  variations  have  considerable 
effect  on  the  synthetic  records  computed  for  the  Amchitka  blast  MILROW.  The 
velocity  structure  is  shown  to  be  at  least  as  important  as  the  choice  of  explosion 
time  function  in  computing  synthetic  ground  motion  for  the  near-field  velocity 
data  we  examine  in  this  paper.  The  medium  immediately  surrounding  a  station 
can  greatly  affect  the  amplitude  of  the  observed  waves,  but  estimating  media  pro¬ 
perties  at  the  stations  from  amplitude  variations  alone  is  unreliable.  When  possi¬ 
ble,  station  structure  should  be  determined  in  the  field,  to  a  depth  and  radius 
from  the  station  consistent  with  the  periods  to  be  observed.  Gradational  boun¬ 
daries  are  shown  to  fit  the  data  better  than  sharp  boundaries.  When  coupled 
with  the  effects  of  random  media,  we  find  that  impulsive,  large-amplitude  arrivals 
in  the  coda  are  not  deterministic,  and  can  not  be  fit  to  multiples  in  a  medium 


with  sharp  boundaries.  Deterministic  2-D  local  structure  is  shown  to  be  impor¬ 
tant  for  MILROW,  where  faults  near  the  stations  are  shown  to  affect  the  surface 
waves. 

Source  asymmetry  strongly  affects  the  near-fieid  surface  waves.  Such  asym¬ 
metry  can  be  modeled  as  the  addition  of  a  quadrupole  response  to  the  explosion 
response.  The  pancake  (oblate  cavity)  case  tends  to  reduce  surface  waves  while 
the  prolate  contribution  tends  to  enhance  surface  waves.  CANNIKIN  favors  a 
substantia]  prolate  contribution,  and  thus,  smaller  teleseismic  m*  and  larger  local 
surface  waves.  A  characteristic  change  in  cavity  shape  from  spherical  to  prolate 
(elongated  vertically)  for  larger  events  could  explain  the  change  of  slope  in  the 
mi  yield  curves. 
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Table  1.  Layer  over  halfspace  model 


VP 

v. 

P 

layer  thickness 

km  a-1 

km  a”1 

%  cm"8 

km 

6.2 

3.5 

2.7 

32.0 

8.2 

4.5 

3.4 

00 

Model  identical  to  that  of  Apsel  and  Luco  (1083). 
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'  Table  2.  Properties  of  sharp  boundary  model 


Key 

Vp 

km  s-1 

v. 

km  a"1 

P 

g  cm"3 

layer  thickness 

m 

A 

3.0 

1.7 

2.5 

200 

B 

3.7 

1.9 

2.5 

650 

C 

4.2 

2.0 

2.5 

575 

D 

4.7 

2.0 

2.5 

525 

E 

4.9 

2.1 

2.55 

600 

F 

5.35 

3.1 

2.55 

500 

G 

5.5 

3.2 

2.6 

6950 

H 

6.9 

4.0 

2.8 

00 

The  letters  in  the  Key  column  are  used  in  Figure  12. 


Table  3.  Properties  of  gradient  boundary  model 


km  s_1 

v, 

km  s_1 

P 

g  cm"3 

layer  thickness 

m 

3.0 

1.7 

2.5 

100 

g* 

g 

2.5 

200 

3.7 

1.0 

2.5 

350 

g 

g 

2.5 

375 

4.2 

2.0 

2.5 

225 

g 

2.0 

2.5 

375 

4.7 

2.0 

2.5 

125 

g 

g 

g 

375 

4.0 

2.1 

2.55 

250 

g 

g 

2.55 

375 

5.35 

3.1 

2.55 

125 

g 

g 

g 

375 

5.5 

3.2 

2.6 

4250 

g 

g 

g 

5000 

6.0 

4.0 

2.8 

00 

*g  «  linear  gradient  across  layer 


•  Table  4.  Properties  of  random  media  model 


VP 

km  s"1 

v. 

km  s'1 

P 

g  cm"3 

v» 

variance 

km  s-1 

horizontal 

aspect 

m 

vertical 

aspect 

m 

layer 

thickness 

km 

3.0 

1.7 

2.5 

0.4 

125 

20 

100 

3.3 

1.8 

2.5 

0.35 

188 

30 

200 

3.7 

• 

1.0 

2.5 

0.3 

250 

50 

350 

3.0 

1.05 

2.5 

0.25 

250 

50 

375 

4.2 

2.0 

2.5 

0.25 

375 

50 

225 

4.4 

2.0 

2.5 

0.25 

375 

50 

375 

4.7 

2.0 

2.5 

0.25 

500 

50 

125 

4.8 

2.05 

2.5 

0.25 

500 

50 

375 

4.0 

2.1 

2.55 

250 

g* 

g 

2.55 

375 

5.35 

3.1 

2.55 

125 

g 

g 

g 

375 

5.5 

3.2 

2.6 

4250 

g 

g 

g 

5000 

6.0 

4.0 

2.8 

00 

*g  =  linear  gradient  across  layer 
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Table  5.  RDP  parameters 

Helmberger  and  Hadley  (1981)  source 


K  «=  8.0  s"1 

B  «=  1.0 

♦eo  «=  1.4  X  1011 

Von  Seggern  and  Blandford  (1072)  source 

K'  -:5.2  s-1 
B'  ■=  2.5 

—  1.4  X  10" 

Meuller  and  Murphy  (1071)  source 

Yield  =  1000  Kt 
h  -=  1200  m 
Vp  —s  3.4  km/sec 
V,  *s  1.7  km/sec 
P  «=  2.1  g/cm3 
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Table  6.  RDP  parameters 


Factor 

MILROW 

CANNIKIN 

Helmberger  and  Hadley  (1081)  source 

K  (s'1) 

0.0 

6.0 

B 

1.0 

0.625 

1.0  x  1011 

5.60  x  1011 

Von  Seggern  and  Blandford  (1072)  source 

K'  (s'1) 

0.0 

6.0 

Bf 

1.0 

0.625 

♦eo  (cm3) 

1.0  x  1011 

5.60  x  1011 

Meuller  and  Murphy  (1071)  source 

Yield  (Kt) 

1000 

5000 

Mm) 

1125 

1725 

Vp  (km  s'1) 

4.2 

4.7 

Vs  (km  s'1) 

2.0 

2.0 

P  (g  cm-3) 

2.5 

2.5 

A/Acjj 

2.0 

2.0 

Comp,  factor 

0.8 

0.8 

Prop,  factor 

2.0 

2.0 

See  text  for  detailed  explanation  of  factors. 
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FIGURE  CAPTIONS 


Figure  1  Diagrams  showing  energy  with  takeoff  angle  i  in  the  range  io  <  i  <  io  +  di 
for  a  point  source  and  for  a  line  source.  The  energy  varies  as  sin  io  for  the  point  source  esse 
but  does  not  vary  as  a  function  of  i  for  the  line  source  esse. 

Figure  2  Comparison  of  radiation  pattern  for  corrected  and  uncorrected  line  sources. 
The  borixontal  line  shows  the  isotropic  radiation  pattern  which  results  from  an  uncorrected 
explosive  line  source.  The  x/suTI  curve  shows  the  best  radiation  pattern  to  simulate  an  explo¬ 
sive  point  source.  The  two  sinusoidal  curves  show  the  result  of  mixing  a  line  source  force 
with  a  line  source  explosion  with  ksubf— 0.5  and  ksubf— 0.6  (50/50  mix  and  60/40  mix, 
respectively).  The  mixed  sources  are  meant  to  be  accurate  in  the  range  i  —  +20°  to  +160°. 

Figure  2  Comparison  between  uncorrected  and  corrected  FD  seismograms  and  ana¬ 
lytic  Cagnaird  seismograms  for  an  explosive  point  source  in  a  half-space.  The  receiver  is  at  a 
range  SO  times  the  source  depth  to  allow  for  the  development  of  a  Rayleigh  wave  that  is  large 
compared  to  the  direct  P-wave.  The  amplitude  scale  is  the  same  for  all  the  radial  and  all  the 
vertical  traces,  but  different  between  the  radial  and  vertical  components. 

Figure  4  Location  of  the  Amehitka  nuclear  tests  and  the  near-field  strong  motion 
instruments  deployed  to  record  them. 

Figure  6  a)  S-velocity  profiles  used  for  finite  difference  simulations.  Three  cases  are 
shown:  flat  layers  with  sharp  boundaries  (sharp),  gradient  boundaries  (gradient)  and  random 
media  (random).  The  profile  for  sharp  boundaries  is  located  correctly  along  the  velocity  axis, 
all  other  profiles  have  been  shifted  1.0  and  2.0  km/s  for  clarity.  These  models  are  also 
described  in  Tables  2,  S  and  4.  Two  profiles,  A  and  B  are  shown  for  the  random  media  to 
show  the  variation  borisontally  as  well  as  vertically;  the  two  profiles  are  12  km  apart  horizon¬ 
tally.  b)  P-velocity  profiles  used.  The  gradient  and  random  media  curves  have  been  shifted 
2.0  km/s  relative  to  the  sharp  boundary  profile,  e)  Density  profiles  used.  The  curves  have 
been  shifted  0.2  g/cm-3  relative  to  the  sharp  boundary  profile. 

Figure  6  Comparison  of  finite  difference  simulations  for  sharp  and  gradient  boun¬ 
daries.  Models  are  described  in  Figure  5  and  Tables  2  and  3.  Depths  and  RDP  sources  (H-H) 
are  appropriate  for  MILROW  and  CANNIKIN,  respectively.  Ranges  (given  in  center)  are 
consistent  with  available  data.  Amplitudes  are  in  cm/s. 

Figure  7  a)  P-velocity  profiles  showing  well-log  data  from  Perret  and  Breding  (1072), 
and  Perret  (1973).  The  heavy  solid  line  is  the  sharp  boundary  model  and  is  correctly  located 
in  velocity.  The  dashed  line  is  the  random  model  used  for  the  simulation,  shifted  2.0  km/s. 
The  light  lines  are  the  observed  profiles  for  CANNIKIN  and  MILROW,  drifted  2.0  and  5.0 
km/s,  respectively,  b)  Corresponding  density  profiles.  Dashed  line  and  light  line  are  shifted 
0.4  and  0.75  g/en'4,  respectively.  Only  CANNIKIN  density  log  is  available. 

Figuro  8  Comparison  of  finite  difference  simulations  for  random  and  gradient  models. 
Models  are  described  in  Figure  5  and  Tables  3  and  4.  Depths  and  RDP  sources  (H-H)  are 
appropriate  for  MILROW  and  CANNIKIN,  respectively.  Ranges  (given  in  center)  are  con¬ 
sistent  with  available  data.  Amplitudes  are  in  cm/s. 
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Figure  9  Comparison  of  finite  difference  simulations  for  fast  ud  slow  sites  on  the 
gradient  model,  nod  the  origins]  gradient  model.  See  text  for  description  of  fast  and  slow 
sites.  Depths  sod  RDP  sources  (H-H)  are  appropriate  for  MILROW  and  CANNIKIN,  respec¬ 
tively.  Ranges  (given  in  center)  are  consistent  with  available  data.  Amplitudes  are  in  em/s. 

Figure  10  Diagram  of  the  faulted  model.  The  distances  are  in  km.  The  fault  loca¬ 
tions  and  offsets  are  taken  from  Orphal,  et  al.  (1071),  for  the  MILROW  -  M05  cross-section. 
The  base  model  is  the  sharp  boundary  model  described  in  Figure  6  and  Table  2,  and  the 
letters  are  keyed  to  Table  2.  The  vertical  fault  offsets  are  added  to  the  sharp  boundary 
model.  The  dip  of  the  layers  in  the  region  of  the  sources  incorporates  the  finding  of  Burdick, 
at  al.  (1084)  that  the  structure  above  the  sources  is  slightly  different  for  CANNIKIN  and  MIL- 
ROW. 

Figure  11  Comparison  of  finite  difference  simulations  for  faulted  and  sharp  boundary 
models.  The  sharp  boundary  model  is  described  in  Figure  5  and  Tables  2.  The  faulted  model 
is  described  in  Figure  10.  Depths  and  RDP  sources  (H-H)  are  appropriate  for  MILROW  and 
CANNIKIN,  respectively.  Ranges  (given  in  center)  are  consistent  with  available  data. 
Amplitudes  are  in  cm/s. 

Figure  12  Comparison  of  data  to  four  of  the  models  previously  described  (Figures  6, 
8,  9  and  11).  Data  is  for  station  M01  for  MILROW,  at  a  range  of  8.0  km.  The  synthetics  are 
all  at  a  range  of  8.0  km.  Amplitudes  are  in  cm/s. 

Figure  18  Comparison  of  data  to  four  of  the  models  previously  described  (Figures  6, 
8,  8  and  11).  Data  is  for  station  MOO  for  MILROW,  at  a  range  of  11.5  km.  The  synthetics 
are  all  at  a  range  of  12.0  km.  Amplitudes  are  in  cm/s. 

Figure  14  Comparison  of  data  to  four  of  the  models  previously  described  (Figures  6, 
8,  9  and  11).  Data  is  for  station  M05  for  CANNIKIN,  at  a  range  of  15.8  km.  The  synthetics 
are  all  at  a  range  of  18.0  km.  Amplitudes  are  in  cm/s. 

Figure  16  Comparison  of  data  to  four  of  the  models  previously  described  (Figures  6, 
8,  9  and  11).  Data  is  for  station  MOO  for  CANNIKIN,  at  a  range  of  18.7  km.  The  synthetics 
are  all  at  a  range  of  19.0  km.  Amplitudes  are  in  cm/s. 

Figure  16  Comparisons  of  the  Helmberger-Hadley,  Meuller-Murphy,  and  von 

Seggern-Blandford  RDP  functions.  The  top  graph  shows  the  time  derivative  of  the  RDP, 
which  is  the  far-field  displacement  time  function  for  the  8  sources.  The  next  graph  shows  the 
RDP’s  of  the  8  sources.  The  long-period  asymptote  of  the  RDP  is  the  of  the  source.  The 
bottom  graph  shows  the  amplitude  speetra  of  the  far-field  displacement  time  functions  for  the 
8  sources.  The  parameters  used  for  these  RDP  functions  are  listed  in  Table  5. 

Figure  IT  Comparison  of  the  Meuller-Murphy,  von  Seggern-Blandford  and 

Helmberger-Hadley  RDP  functions  used  with  the  gradient  boundary  model  (Table  S).  Ampli¬ 

tudes  are  in  cm/s.  The  parameters  used  in  the  RDP  functions  are  listed  in  Table  6. 

Figure  18  Comparison  of  the  Meuller-Murphy,  von  Seggern-Blandford  and 

Helmberger-Hadley  RDP  functions  used  with  the  gradient  boundary  model  (Table  S).  Ampli¬ 
tudes  are  in  cm/s.  The  parameters  used  in  the  RDP  functions  are  listed  in  Table  6. 
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Figure  10  Development  of  a  quad ru pole  correction  for  cavity  aapbericity.  Cavity  on 
left  ia  ellipeoidai,  with  the  long  axis  vertical.  The  arrow  on  the  Inside  of  the  eavity  represents 
the  pressure  acting  on  the  cavity  wall.  This  pressure  will  radiate  both  P-  and  S-wave  energy, 
as  partitioned  along  and  normal  to  the  propagation  direction.  The  resultant  radiation  pat¬ 
terns  are  shown  immediately  to  the  right  of  the  cavity.  The  P-wave  pattern  ia  elongate  hor- 
ixon tally,  because  the  increased  radius  of  cavity  curvature  will  amplify  the  P-wave  energy, 
while  decreased  radius  of  curvature  will  diminish  it.  This  result  ia  further  partitioned  into  an 
explosion  and  a  quadruple.  The  site  of  the  explosion  should  be  that  for  a  spherical  cavity  of 
the  same  net  volume  as  the  ellipsoidal  cavity.  The  quadrupole  is  added  to  this  in  varying 
amounts,  dependent  on  the  amount  of  asphericity. 

Figure  SO  Comparison  of  synthetics  for  a  spherical  and  aspherieal  cavity  explosions 
(labeled  Explosion,  Prolate  and  Oblate)  to  data  from  M1LROW.  The  prolate  and  oblate  cav¬ 
ity  synthetics  are  made  with  a  quadrupole  correction  for  asphericity,  both  fixed  at  a  40%  con¬ 
tribution.  Synthetics  for  all  sources  are  scaled  equivalently.  Amplitudes  are  in  cm/s.  Both 
radial  (R)  and  vertical  (V)  components  are  shown.  The  synthetics  have  been  filtered  with  a 
T*  “  0.05  operator  and  detrended  to  remove  an  exponential  with  time  artifact  of  the  higher- 
order  terms  of  the  asymptotic  source  expansion. 

Figure  21  Comparison  of  synthetics  for  a  spherical  and  aspherieal  cavity  explosions 
(labeled  Explosion,  Prolate  and  Oblate)  to  data  from  CANNIKIN.  Only  radial  components 
are  shown.  Compare  Figure  20  (MILROW).  Scaling  and  filtering  of  these  synthetics  are  the 
same  as  in  Figure  20. 
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THEORETICAL  RAYLEIGH  AND  LOVE  WAVES 
FROM  AN  EXPLOSION  IN  PRESTRESSED 
SOURCE  REGIONS 

BY  D.  G.  HARKRIDER,  J.  L.  STEVENS,  AND  C.  B.  ARCHAMBEAU 

ABSTRACT 

EzpnxioDi  and  synthetics  for  Rayleigh  and  Lot*  waves  generated  by 
various  tectonic  release  models  are  presented.  The  multipole  formulas  are 
given  In  terms  of  the  stengths  and  time  functions  of  the  source  potentials. 
This  form  of  the  Rayleigh  and  Love  wave  expressions  is  convenient  for 
separating  the  contribution  to  the  Rayleigh  wave  due  to  the  oompreasional 
and  shear  wave  source  radiation  and  the  contribution  of  the  upgoing  and 
downgoing  source  radiation  for  both  Rayleigh  and  Love  waves.  Because  of 
the  ease  of  using  different  compression  and  shear  wave  source  time  func¬ 
tions,  these  formula  are  aspects iy  suited  for  sources  for  which  second  and 
higher  degree  moment  tensors  am  needed  to  describe  the  source,  such  as 
the  initial  value  cavity  release  problem. 

A  frequently  used  model  of  tectonic  release  Is  a  double  couple  superim¬ 
posed  on  an  explosion.  Eventually  we  will  compare  synthetics  of  this  and 
more  realistic  models  in  order  to  determine  for  what  dimensions  of  the  tec¬ 
tonic  release  model  this  assumption  is  valid  and  whether  the  Rayleigh 
wave  Is  most  sensitive  to  the  compressions!  or  shear  wave  source  history. 
The  pure  shear  cavity  release  model  is  a  double  couple  with  separate  P 
wave  and  S  wave  source  histories.  The  time  ecales  are  proportional  to  the 
source  region's  dimension  and  differ  by  their  respective  body  wavs  veloci¬ 
ties.  Thus,  a  convenient  way  to  model  the  affect  of  differing  shot  point 
velocities  and  eource  dimensions  is  to  run  a  suite  of  double  couple  time  his¬ 
tory  calculations  for  the  P  wave  and  SV  wave  sources  separately  and  then 
sum  the  different  combinations. 

One  of  the  more  interesting  results  from  this  analysis  is  that  the  well 
known  effect  of  vanishing  Rayleigh  wave  amplitude  as  a  vertical  or  hor- 
isomtal  dip  slip  double  couple  model  approaches  the  free  surface  is  due  to 
the  destructive  Interference  between  the  P  wave  and  SV  wave  generated 
Rayleigh  waves.  The  Individual  Rayleigh  wave  amplitudes,  unlike  the  8H 
generated  Love  waves,  are  comparable  in  rise  to  those  from  other  double 
couple  orientaiona.  This  has  important  Implications  to  the  of 

Rayleigh  waves  from  shallow  dip  slip  fault  models.  Also,  the  P  wave  radia¬ 
tion  from  double  couple  sources  is  a  more  efficient  generator  of  Rayleigh 
waves  than  the  associated  SV  wave  or  the  P  wave  from  explosions.  The 
latter  is  probably  due  to  the  vertical  radiation  pattern  or  amplitude  varia¬ 
tion  over  the  wave  front.  This  effect  should  be  similar  to  that  of  the 
interaction  of  wave  front  curvature  with  the  free  surface. 
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INTRODUCTION 


A  frequently  used  model  of  tectonic  release  from  underground  nuclear  explosions  is  a 
double  couple  superimposed  on  an  explosion.  For  a  point  double  couple,  the  time  histories 
for  the  source  compressions!  (P)  and  shear  (S)  waves  are  identical.  For  more  realistic 
models  of  tectonic  release  such  as  the  form  at  ton  of  a  cavity  in  a  pure  shear  field,  the  source 
radiation  pattern  is  identical  to  a  double  couple  but  the  P-  and  S-  wave  source  histories 
differ.  We  restrict  tectonic  release  to  explosion  induced  volume  relaxation  sources  in  a 
prestressed  medium  and  do  not  consider  earthquake  triggering  by  an  explosion.  For  a 
spherical  cavity,  the  P-  and  S-  wave  time  scales  are  roughly  proportional  to  the  cavity 
dimensions  and  differ  by  their  respective  body  wave  velocities.  We  will  show  that  Rayleigh 
waves  excited  by  the  source  P-waves  are  almost  completely  out  of  phase  with  the  S-wave 
generated  Rayleigh  waves  and  thus  this  difference  in  source  time  histories  may  in  some 
cases  be  important. 

We  present  expressions  and  synthetics  for  Rayleigh  and  Love  waves  generated  by 
various  tectonic  release  models.  The  multipole  formulas  are  given  in  terms  of  the  stengths 
and  time  functions  of  the  source  potentials.  This  form  of  the  Rayleigh  and  Love  wave 
expressions  is  convenient  for  separating  the  contribution  to  the  Rayleigh  wave  due  to  the 
P-  and  S-wave  source  radiation  and  the  contribution  of  the  upgoing  and  downgoing  source 
radiation  for  both  Rayleigh  and  Love  waves.  Because  of  the  ease  of  using  different 
compression  and  shear  wave  source  time  functions,  these  formula  are  especialy  suited  for 
sources  for  which  second  and  higher  degree  moment  tensors  are  needed  to  describe  the 
source,  such  as  the  initial  value  cavity  release  problem. 

In  1904  Haskell  and  Harkrider  presented  formulations  for  sources  and  receivers  in 
multilayered  isotropic  halfspaces.  The  formulations  were  for  general  point  sources  which 
were  simplified  for  particular  sources.  Haskell  gave  the  results  for  point  forces,  dipoles, 
couples,  double  couples  and  explosions.  Harkrider  gave  expressions  for  the  surface  waves 
from  explosions  and  Green’s  functions,  ie.  point  forces.  Both  formulations  used  propagator 
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matrices  for  homogeneous  isotropic  layers.  Ben-Men  ahem  and  Harkrider  (1964)  extended 
the  far  field  results  of  Harkrider  (1964)  to  couples  and  double  couples  of  arbitrary  orienta¬ 
tion. 

Other  than  the  sources  investigated  the  basic  difference  between  the  results  was  that 
Haskell  propagted  from  the  source  up  to  the  free  surface,  while  Harkrider  obtained  the 
source  and  receiver  depth  effects  in  terms  of  layer  propagators  from  the  surface  down  to 
the  source  as  well  as  the  receiver  in  order  to  demonstrate  reciprocity.  To  obtain  the  latter 
result  Harkrider  used  inverses  for  the  homogeneous  layer  propagators  which  formed  a 
group,  ie.  the  inverse  of  the  product  of  two  layer  propagator  matrices  was  related  in  the 
same  way  to  the  dements  of  the  product  as  the  inverse  of  each  layer  matrix  was  to  the  de¬ 
ments  of  the  homogeneous  matrix.  This  is  not  true  for  the  homogeneous  layer  inverse 
which  is  produced  by  replacing  the  layer  thickness  with  the  negative  layer  thickness.  Each 
formulation  has  advantages.  Harkrider  (1970)  reduced  the  numerical  problems  of  his  for¬ 
mulation  by  evaluating  his  expressions  using  the  compound  matrix  rdations  of  Dun- 
kin(1965)  and  Gilbert  and  Backus  (1966).  Further  numerical  improvements  to  layer  matrix 
methods  can  be  found  in  Kind  and  Odom  (1983). 

Hudson(1969)  extended  die  formulation  of  Haskdl(l964)  to  propagators  for  isotropic 
vertically  inhomogeneous  vdoaty  and  density  structures.  Since  Haskell’s  formulation  did 
not  use  inverse  propagators  this  was  relatively  straightforward.  Douglas,  etal(l971)  used 
reciprocity  rdations  with  Hudson’s  formulation  to  obtain  the  vertically  inhomgeneous 
results  for  explosions  equivalent  to  Harkrider’s  multilayer  result.  It  was  not  until  the  mid¬ 
dle  1970’s  that  Woodhouse  (1974)  showed  that  this  inverse  was  true  for  the  more  genera] 
isotropic  inhomogeneous  halfspace. 

Ben-Menahem  and  Singh  (1968)  presented  a  formulation  using  multipolar  expansions 
of  the  displacement  Hansen  vectors.  We  use  a  similar  multipolar  expansion  of  the  scalar 
potentials  for  P,  SV  and  SH  waves.  Since  numerical  finite  difference  simulations  of  complex 
source  or  source  region  radiation  routindy  use  the  divergence  and  curl  of  the  displacement 
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field  to  separate  P-  and  S-wave  radiation  and  since  these  are  easily  related  to  P-  and  S- 
wave  potentials,  this  type  of  expansion  was  a  natural  one  for  this  class  of  problem.  This 
was  the  original  motivation  for  using  potential  expansions  (Bache  and  Harkrider,  1976). 
In  addition,  it  allowed  us  to  use  the  theoretical  results  of  Harkrider  (1964)  for  Rayleigh 
and  Love  waves  in  multilayered  media  by  means  of  a  trivial  generalisation.  For  theoretical 
problems,  the  choice  between  multipolar  expansion  of  Hansen  vectors  and  potentials  is  a 
matter  of  convenience.  In  fact,  we  use  the  Hansen  vector  representation  of  the  displace¬ 
ment  field  for  a  cavity  initiated  tectonic  release  as  our  fundamental  source  and  then  con¬ 
vert  it  into  potentials. 

This  formulation,  either  in  preliminary  drafts  of  this  manuscript  or  as  a  part  of 
technical  reports,  has  been  referenced  and/or  used  by  Bache  and  Harkrider  (1976),  Bache 
etal  (1978),  Harkrider  (1981),  and  Stevens  (1982).  The  prestress  fields  discussed  in  this 
paper  are  restricted  to  homogeneous  pure  shear  fields.  More  complicated  cases  can  be  found 
in  Stevens  (1982). 

In  the  next  section  we  present  the  displacement  fields  and  potentials  for  the  tectonic 
release  source  and  the  various  approximations  to  it  which  have  appeared  in  the  literature 
including  the  point  double  couple.  In  addition  we  give  the  displacements  and  potentials  for 
the  explosion  model  corresponding  to  a  step  pressure  applied  to  a  spherical  cavity.  The 
sources  are  discussed  in  terms  of  their  equivalent  moment  tensor  forms  and  we  presents 
illustrative  comparisons  of  their  far  field  time  functions.  In  the  following  sections  we 
present  the  multipole  extension  to  Harkrider  (1964)  and  then  evalute  it  to  obtain  surface 
wave  expressions  for  the  sources  mentioned  above  and  also  the  second  order  moment  ten¬ 
sor  for  comparison  with  Mendiguren  (1975).  Finally  we  calculate  Rayleigh  and  Love  wave 
seismograms  for  canonical  (mentations  of  the  pure  shear  stress  field  (Harkrider,  1977)  and 
discuss  them  in  terms  of  their  P-  and  S-wave  excitation. 


TECTONIC  RELEASE  SOURCE  MODELS 

The  tectonic  release  source  model  used  in  this  paper  is  the  instantaneous  creation  of 
a  spherical  cavity  of  radius  P0  in  the  presence  of  pure  shear  ,  r|j  ,  at  infinity.  Details  on 
the  behavior  and  the  literature  of  this  and  other  tectonic  release  sources  can  be  found  in 
Stevens  (1080).  The  form  of  the  solution  used  here  and  the  notation  is  from  Ben* 
Menahem  and  Singh  (1081,  p228).  ....... 
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where 


This  solution  in  spectral  moment  tensor  form  is 
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Thus  the  lowest  rank  of  moment  tensor,  which  this  source  can  be  expressed  as,  is  a  second 
rank  plus  a  fourth  rank  moment  tensor  (David  Cole,  personal  communication,  1982). 


This  higher  order  moment  tensor  complexity  ic  amply  due  to  the  P  wove  time  his¬ 
tory  being  different  than  the  S  wove.  This  difference  in  time  histories  is  not  unusol  ond  is 
typiealy  due  to  source  flniteness  as  here.  Because  of  the  source  volume  symmetry  ,  it  is  not 
a  function  of  takeoff  angle  and  asimuth  such  as  is  is  the  ease  of  fault  plane  directivity.  We 
can  keep  the  double  couple  and  more  generally  the  second  order  moment  tensor  formula¬ 
tion  if  we  separate  the  Green’s  function  into  its  P  wave  and  S  wave  contributions  and 
define  separate  P  and  S  wave  moment  tensor  components.  For  this  case  and 
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For  the  elastic  whole  space,  this  is  trivial.  This  Green’s  function  separation  can  also  be 
done  for  a  vertically  homogeneous  halfspace  using  the  the  multipole  potential  formulation 
of  the  next  sections. 

We  could  obtain  the  desired  source  description  in  terms  of  the  scalar  compression 
potential,  ♦  ,  and  the  shear  rotation  vector  potentials,  ¥ ,  by  the  following  operations: 
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and  (24) 
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7 

on  the  displacement  expressions,  equation  (1),  as  was  done  for  the  second  rank  seismic 
moment  tensor  in  APPENDIX  C 
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But  equations  (1)  and  (2)  are  already  in  the  form  of  the  general  quadrupole  of  Har- 


krider  (1076) 
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Comparing  equation  (25)  with  equations  (40)  and  (50)  of  Harkrider  (1076),  we  can  write 
down  the  cartesian  displacement  potentials  (Harkrider, 1076,  equation  (47))  for  this  class  of 
source  as 
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For  a  pore  shear  dislocation  or  double  couple  fault  model  (Harkrider, 1076) 


For  the  dislocation  slip  history,  we  use  the  Ohnska  (1073)  'u-square  model'  (Aki  1067), 
which  is  the  minimum  phase  'w-aquare  model In  terms  of  moment  history  it  is  given  by 
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For  both  P  and  S  waves  the  far  field  rise  time  is  given  by  T0  ”  1  /kT 

For  the  Ran daU-Archam beau  approximate  tectonic  release  model  (Har lender,  1076), 
after  correcting  a  sign  error  in  the  stress  definition, 
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where  M0  is  given  by  equation  (10)  and 

n/  .  sin  x 

D(i)  -  eoe  r - — 

with  corner  frequencies 

/e  2  *R0 


(29) 


and 

fw,  'SiP 

*•  2*7?  0 

For  the  tectonic  release  sources,  the  far-field  rise  times  for  P  and  S  are  given  by 
T%*  -  RJa  and  Tff  -  RJfi  respectively. 

The  time  histories  of  explosions  are  usually  expressed  in  terms  of  their  reduced  dis¬ 
placement  potentials  ♦(<)  which  is  implidty  defined  by  the  explosions  linear  displacement 

radiation  field  as 
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Since 


■jr 


e  »(t  -r/o) 

6R  R 


*jr 


ere  hare 

v  For  eonawtancy  with  the  second  order  moment  tensor,  we  have 

M(u)  -  AS,,  -  AS*,  -  AS„ 

«  4rpa8  ♦(<*>) 


We  will  only  consider  two  explosion  time  histories 


Af(«) 


AS0 

»w 


and 


(80) 


(31) 


AS(w) 


AS0  e'(  Ro  -  M 

*w  1  —  4^i?o /<)*  +  k^Ro 


where 


•b 


tan"1 


Kfto 

i  - 


with  corner  frequency 


(32) 


which  corresponds  to  a  step  pressure  applied  to  the  walls  of  a  cavity  of  radius  i?0- 

In  Figure  1,  we  show  the  far-field  radial  (P)  and  tangential  (S)  displacement  time 
histories  for  the  exact  tectonic  cavity  release,  for  the  Randall- Archam beau  approximate 
cavity  release,  and  for  the  ’w-equare’  double  couple  model.  The  cavity  radius  is  the  same 
for  the  first  two  models  and  the  P  and  S  rise  times  for  the  double  couple  are  chosen  to  be 
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the  same  as  the  cavity  release  S  rise  times.  This  is  more  evident  in  Figure  2  where  we  show 
the  corresponding  P*  and  S-wave  velocity  fields.  The  moment  is  the  same  for  all  the 
sources.  The  S-wave  velocity  fields  for  the  cavity  release  and  the  double  couple  are  very 
similar.  The  basic  difference  is  in  the  time  duration  and  amplitude  of  their  P-wave  fields, 
hi  Figure  S,  we  compare  the  P-  and  S-wave  displacement  fields  in  detail  for  these  three 
sources  by  overlaying  them  and  having  the  same  moment  for  each  comparison.  The 
moments  for  the  P-waves  are  greater  than  the  S-waves  inorder  to  better  display  the 
differences  in  wave  form. 

In  Figure  4,  we  compare  the  P-wave,  ie.  radial,  displacement  and  velocity  fields  for 
the  tectonic  cavity  release  and  the  cavity  step  pressure  explosion  for  the  same  moment  and 
cavity  radius.  The  time  histories  are  quite  similar  with  the  basic  difference  being  the  dis¬ 
tortion  or  bump  on  the  cavity  release  time  history  which  corresponds  in  arrival  time  to  a 
Rayleigh  wave  traveling  around  the  cavity.  The  far  field  displacement  spectra  for  all  four 
sources  are  shown  in  Figure  5  with  their  corresponding  comer  frequencies. 
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AN  ELASTODYNAMIC  SOURCE  IN  A  VERTICALLY  INHOMOGENEOUS 
HALF-SPACE  FORMULATION 


As  our  source  in  •  locally  homogeneous  region,  we  take  the  slightly  modified  dasto- 
dynamic  source  form  of  Archambeau  (1968). 

-  — TT  E  E  {*-"»  Sld-fRaaSm  ■»#}  P-(cos#)  hftkji) 

aaO  a^) 

(83) 

“  TT  E  E  eos  SI  d+D  <£>  sin  si  d)  P.%»e#)  fifty? ) 

B^)  ««0 

where  and  ¥4  are  the  Fourier-time  transformed  compressions]  and  Cartesian  shear 
potentials  (j->l,  2  and  8)  respectively.  In  order  to  express  these  potentials  in  terms  of  the 
separable  solutions  to  the  Helmholti  equation  in  cylindrical  coordinates,  we  use  the 
Erdelyi  integral  (  Harkrider,  1976,  Ben-Menahem  and  Singh,  1981). 


h*(KR)  P.-( corf)  -  lip-  (sg«(*-s)]-+*  f  PW./k,}  FMkr)  kik 


where 


p  _  h  «xp(-«P.  |t-k  |) 

• 

|  (tf-k8)*  ;  k  <  k, 

“  \  -i{k*-k*)*  ;  k>k. 


p.-(0-(i-e9)"/s/,.(w)  (0 

p;,(o«(*’-ir/*p.(-)  (0 


(84) 


t  is  either  a  or  $,  the  rosnprwsicm  or  shear  velocity  respectively  and  (r,  s)  —  (0,  h)  is  the 
souree  location. 
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Making  use  of  (his  relation,  we  can  rewrite  equations  (S3)  as 


•E  f  cc*  mj  +  Bm  tia  m+}  Fa  Jm{kr)  ik 

o 


(S5a) 


•^>  n 


(35b) 


where 

a.  -  -  e  1  •#•(*-*)  r~  >u-  ft*  (4/u 

p-  -  -  E  1  *r»(*-x)  ]-+•  ?:  (VU  (36) 

•  — m 

W1  -  2  e  ®EZ- 1  •#*(*-*)  r~  dS  p:  ( w 

•—  v 

Aiy)  -  2  £  (  s,n(A-s)  D{J)  P:  {*,/*,}  ■ 

•mm 


Next  we  obtain  expressions  for  the  cylindrical  SV  potential,  i>,  and  the  cylindrical  SH 
potential,  x.  which  are  convenient  potentials  for  our  cylindrical  coordinate  system,  in 
terms  of  Cartesian  SV  and  SH  potentials  given  in  equation  (85).  The  vertical  dislacement 
Integrand,  w,  of  its  k  integral  is  related  to  the  compressions!  and  Cartesian  SV  potential 
integrands  by 


B* 

Ox  Ox  0$ 


(87) 


and  in  terms  of  the  compressions]  and  SV  potential  integrands  by 


which  by  inspection  yields  the  relation 

1  [»♦» 

7  l  •*  dp 


3 


(38) 


39(a) 


From  Harkrider  (1978),  the  integrands  of  the  cylindrical  and  Cartesian  SH  potential  are 
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related  by 


(39b) 


Performing  the  above  operation  and  comparing  with  the  cylindrical  SV  potential 


1>. 


coc  +  Fm  tin  <n#}  Ff  Jm(kr)  ik 


we  obtain  the  following  relation  between  coefficients  as  derived  in  Appendix  A. 

2  kEm  -  (  C&i  -  Cl%  )-  ( Ai‘1,  +  51%  ) 

2 kFm  -  (  Cl'U  +  Cl'h  )  +  (A&  ~  Ai-i  ) 


where 


Cj/)  and  Z)iy)  are  sero  for  m  >  a 


and  in  addition 

-  Dj>l)  ,  CP  -  - 

and 

F0-0. 

For  the  cylindrical  SH  potential,  we  have  using  equation  (39b) 


(40) 


/n  J 

(cW  «.  m*  +  sin  mi)  F,  Jm(kr)  ik  (41) 

— «  o  * 

The  cylindrical  source  potentials  given  by  equations  (35),  (40),  and  (41)  may  now  be 
substituted  into  the  multilayer  formulation  by  Harfcrider  (1954).  But  first  we  note  that 
alternating  terms  in  the  infinite  series  in  equations  (36)  are  of  opposite  sign  depending  on 
where  s  is  greater  or  lesser  than  h.  We  separate  the  series  such  that 

A.-K+A1  (42) 

where  the  e  superscript  denotes  a  new  series  made  up  of  the  terms  with  m  +  n  even  and 
the  o,  a  series  formed  by  terms  with  m4n  odd.  A  similar  separation  is  done  for  the 
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other  source  coefficients.  The  new  coefficients  have  the  following  property 


and 


Defining 


Ai(*  >*)-Ai(t  <*) 


*l{t  >k)--Ai{z  <  A) 


tUm  -  A 


•in  m  A 


(t)!  +  * 

r„  —  d|~-|  eos  m4  +  A *“ 
6Zm  —  cos  m  A  +  &r£  sin 


AX'.  —  &T%m  cos  +  &T&m  sin  md 
AV.«  a[— )  cos  m  #  +  A  (— I  «n  md 


(43) 


(44) 


Ay.  as  Ar/.  cos  md  +  Ar/„  sin  m  A 

and  comparing  our  source  potential  relations  with  equations  (30)  and  (37)  in  Har lender 
(1964),  we  obtain 


g[.!!_|e.2*9 

T* 

—  —it  e; 

l  «  J- 

•w 

A  (— j*  »  2t* 

*.  -a  a 

* 

*(vt— 

f# 

*  +  *V. 

l(^-|*-2*» 

*:  +  *  —  ] 

l  «  A- 

*>  J 

**-2 peV  |(7-l)^--ft7f: 

*r»-2pc»*8  [(7-1)-^-- *7  Fi 


(45) 
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where 


*i«-2,eV  j 

*jL  -  2 pc'k*  [  -i  B:  -  *(i  -i)~-l 


-  -.’21/ #i  Cis)* 

-  —*21/  fi  Z>  W* 


ud  where  we  have  used  the  following  relations  between  eoeficients  representing  the  down¬ 
going  and  upgoing  source  radiation  or  the  strength  of  the  source  potentials  just  below  and 
above  the  source 


2^,-X/  +  A.' 


A  more  modern  notation  would  be  to  use  D  for  downgoing  and  U  for  upgoing  instead  of 
the  +  and  -  notation  of  Harkrider  (1964). 


Following  Harkrider  (1964)  we  obtain  as  our  integral  solution  for  the  vertical  dis¬ 
placement  at  the  surface  of  our  inhomogeneous  half-space 


<  •.  > 


i  / (i)  a 


(46) 


where 


F.  -  -R„  -  (7*JRja 


iA]«  *  [  -{Ags) 4*  Wm  +  (A*$)ss  8Wm  —  (Ans)»  fZwt  +  (-Ajrs)i*  4X*  j 
1®]«|  *  [  (Ajista  Wm  —  {Ags  )t2  *Wm  +  (Ajrs)a2  8Zm  —  (j4*s)i2  SXm  ]  (47) 

and 

Zm  "  [  —{Ags)* i  **4  +  {Ags )ii  —  (AgS)n  *Zm  +  (A*$)n  4X»  ] 

(For  symbol*  used  without  definition  here,  refer  to  Harkrider  (1064),  (1970)  and  Harkrider 
and  Flinn  (1970). 

The  matrix  AgS  as  defined  in  Harkrider  (1964)  is  the  layer  product  matrix  which 
gives  the  displacement-stress  vector  associated  with  P-SV  motion  at  source  depth  in  terms 
of  the  surface  displacement-stress  vector.  The  integral  solution  given  by  equation  (47)  is 
also  valid  for  a  vertically  inhomogeneous  half-space  where  Ass  is  the  propagator  matrix  of 
the  P-SV  displacement  stress  vector  from  the  surface  down  to  the  source  depth,  h  ,i.e., 
AgS  —  Ag(h)  and  A#  ■>rijr(*l_1).  The  only  restriction  on  this  form  of  the  solution  is 
that  at  some  depth  the  media  is  terminated  by  a  homogeneous  half-space  commencing  at 
depth  4_t. 

The  surface  azimuthal  displacement  due  to  SH  waves  is  given  by 


<  •.  > 


Nil)  N® 

Fi 


*U*r) 

4{kr) 


ik 


(48) 


where 

Fi  •  —(Ai )si  —  (Al) jj  Hi t/u 

NiP  «  —1 £  {Ai  )s  —  (Ax,  )j*  Px  1 ft  J  [  (Ax^)n  6Ym  —  {Ais)a  1  6VU  j  (49) 

A i9)-l  +  -^r  [(Au)»nrm-(Au)m9Vm  ] 


and 


.  • 

r  ■>  u 


The  Ais  is  the  propagator  matrix  for  the  displacement  stress  vector  associated  with  SH 
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motion  down  from  the  surface  to  the  source  depth,  h.  AL  is  the  propagator  matrix  from 
the  surface  down  to  the  depth  at  which  the  terminating  homogeneouahalf*spaee  begins 
with  elastic  properties  denoted  by  subscript  Ij.t.,  Ais  —  j4j,(A)  and  Ai,— j4x,(^_i)- 

Evaluating  the  residue  contributions  of  equations  (46)  and  (48),  in  order  to  obtain 
the  surface  displacements  due  to  Rayleigh  and  Love  waves  respectively,  yields 

{*.>, -j^A*  jb  j-W.  *«*(*)  -  *Wm  -j-  tf{k)  +  6Zmy?{h)  -  iOC^Uk)  J- 

{?.}*  -  -  V* (0)  {*.)»  (50) 


where 


■4#  “  - 


r;8 


"  OF, 

**  L 


or  equivalently  in  terms  of  energy  integrals 


2  CrVkI? 


where 


(51) 


fpiivrf +&)*}** 

0 

and 

{*.}*  -  -i  -jj  At  t  |*lrsiFit(*)  -  *Vm  jj-  Vi (*)J^(*ir) 
where 


or 
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Ai  m 


2cLULli 


(52) 


where 


OO 

It-  JtlVtf* 

0 

and  the  correspondence  between  the  Saito  (1967)  and  Haskell  (Harkrider,1964,  1670)  notar 
tion  for  the  eigenfunctions  or  the  homogeneous  4-e  no  source ,  displacement-stress  rector 
components  evaluated  at  the  residue  eigenvalues  is  given  by 

Fs*(A)  ■  |  *  j  •  (Aks)ii  |~j  +  Mas)j8  +  (Ans)ia  [T*  J 


m  “  (-daski  ~ —  I  +  (-d*s)a a  —  ) 

n  L  *•  Jjr 


Va  (*)  *"  *a 


»./<* 


“  **  |  (-djw)*! 


+  (Ans)t2  +  (-djtsjas  (r 


•') 


(53) 


r.’(*)  --*«  [  s  -  -  *«  {  -  -  (A*s&  [T’\  J 

».*(»)-  [-^ 


“  (-dis)ll 


r\(h) 

*J*L 


•  A I  (Ais\n 


Va  (* ) "  *1 
and 

i/e  —  ikx 


Using  equations  (45)  the  solutions  can  be  written  as 
(*•)*  "  ~ uiA*  “  A* Lk rpi  +  ) 


(54) 


and 


{».), . -sr,  a.  { Xi'  rf(*) -  ^  r> (*) } 


(S6) 
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where 


S-k'-k? 

X*"F*(A)"  *kr*:{k)  (58) 

Mx  -  ,clb  - 1)  Ff(*)  -  ■£-?"(*) 

N*  -  pcfa  -  I)  yf(h)  -  -fcvfih) 


♦*  -  E  (  Ai  CM  mi  +  B*m  sin  mi  )Hj,S)(**r) 

a-0 

iftr  -  E  ( «*  m*  +  f£  sin  m*  )  ifift**  r) 

a*>  # 


cos  m#  +  Dj?^‘  no  m 


dr 


(57) 


and  the  o  superscripted  variables  defined  similarly.  The  elastic  parameters  ft  and  p  which 
appear  in  all  the  previous  equations,  except  inside  of  integrals,  are  for  the  media  at  source 
depth  h  . 
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SURFACE  WAVES 


In  order  to  demonstrate  the  utility  of  this  formulation  once  the  multipole  coefficients 
of  the  potentials  have  been  determined,  we  first  obtain  surface  wave  expressions  for  a 
second  order  moment  tensor. 

The  cylindrical  coefficients  for  a  second  order  moment  tensor  are  (Appendix  C  and 
equations  (57)) 

**  "  +  Ca)  +  («-  */f) *.“<*«') 

+  -  *?„)  «»»  -  SM„«iiiS^]«f(i,f)} 

♦j *  “  ~ 4jr"^a  [A/,,  coed  +  Mn  sin  d] n\a)(kK r) 

*1>r  **  iJpji  "  ^  — ~  [a^is  ®°®d  +  Mn  rind]^i  ^(kgr)  (58) 

Vis  *“  "2“  j(^»  +  “  2A/M) 

+  [(A/b  -  J7„)  cos  2d  -  2A/U  sin  2d  ]  (**r)J 

Xt  -  ^  [2^19  eos 2d  +  {Mg,  -  Bu)  «n  2d] 

*>  fry  .  £7  .  J  8)(*^r) 

Substituting  these  generalised  cylindrical  potential  coeficients  into  equation  (54),  we  have 


4  f  0*  (  Bu  +  B&  +  Mt$)  v  (A/ji  +  A/ja  —  2A/U)  ) 

<».)*  -  -«**  As  - 5 - «s - j2 - J"« 


f(**0 


+  -y-  (  tfu  eos  d  +  A/*  «n  d  )  (**  r) 


^ -  [(A/„-WB)eos2d  +  2^I1sin2d]i/aW(*sr)}  (59) 


where 


138 


39 


M*\u)  -  *  -pr 

V 

, where  rj#  has  bees  replaced  by  ,  the  pure  shear  field  of  arbitrary  orientation  (Her- 
krider,  1077)  ,  and 

A«  «>  V*  ain  X  sin  2d 


A,  »  ooaX  cos  d  cos  4/  —  ainX  cos  2d  sin  4/ 
A}«VtainXainideoi2d/  +  eoeX  ain dainty 


AA, 

dAa 


—  ainX  eo*2d cos  4/  —  eoeX  eoadein 4/ 

2  eoa  X  ain  d  eoa  2d/  —  sin  X  sin  2d  sin  2^/ 


with  4t  the  fault  strike  asimuth.  These  coefficients  were  defined  in  Harkrider  (1076),  Sato 
(1072)  and  used  in  Langston  and  Helmberger  (1075)  as  A»  ,  Aa  ,  At  ,  ,  and  2A4, 

respectively. 

Again  substituting  the  coefficients  into  equations  (54)  and  (55),  we  have 


{ *’•)*  “  * 


ill" 


w<f>W  +  2^)/fit-lM(,,^Jt 


A  o^f(^r) 


-  m(')  -y-  a/*  +  ht,]  (*/-2t;)  u 


A,  IT, W  far) 


+  */  A?n  Km  -  rf*  ±Nm 


^JitfW)  J 


(62) 


and 


in)* 


dr 


*wh>)^r 


For  a  double  couple, 

it'\u)  -  JS/U>(w)  -  A/(w) 
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and  we  obtain 


{".)*  -  -•  h  A*  j^Aoflftinr)-  C#A,  Hl3)(kKr)  +  A*A2  (64) 


and 


«>*  ~.'^U(  tin  %  tin  %  ^  }w 

In  the  far  field  these  expressions  reduce  to  the  double  couple  expressions  in  Ben-Men shem 
and  Harkrider  (1964)  and  correct  the  sign  error  in  the  Love  wave  coeficient  (7(A)  in  Har- 
lcrider  (1970). 

For  an  explosion, 


(66) 


and 


(®.>.  —  ~ikn  A*  M(u)  Kg  H^(hr)  (67) 

which  can  be  obtained  by  either  setting  the  diagonal  components  of  the  stress  tensor  equal 
to  M(u)  in  equations  (58)  and  (59)  or  by  direct  substitution  in  equation  (54). 

For  all  cases,  the  radial  displacement  is  obtained  from  the  vertical  by  using 

<*>*  ~ y»(0)  {*.}„  (68) 

For  shallow  sources,  the  source  depth  dependent  terms  reduce  to 

K*  -  V*  (0) 

L*-*l 

Mg  —  pcfo  -  1) 

-  pc}(i  -  1)  yf(0) 


as  A— *0.  Using 


**n(l  -  1)  -  M  (2 kj?— )/*j? 
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we  have  for  the  shallow  general  quadrupole  source 


<5,)„  k.A.  -i-{  [aTp*/-!*.’)- 

-  (2*;-*/)  \hiV)-M{S)  ]a,  H?\kRr) 

+  y  [  2  ki  -  Mw  (2 ki-kf  )  ]  v” (0)  A8  (kgr)  J  (69) 


and 

.  MV)  .  «AS  dHli] {kLr) 
Mi—-*  4^6*  dr 


For  the  shallow  explosion 

{uv}*  —  — *kn  ^  M(J)  y t  (0)  Ho  \kRr) 

a 


(70) 


(71) 
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DISCUSSION 


Vertical  Rayleigh  and  tranverse  Lore  waves  were  calculated  for  ao  exact  supersonic 
cavity  shear  release  source  model.  Orientations  of  the  prestress  pure  shear  field  correspond 
to  the  three  or  "fundamental”  double  couple  faults:  the  vertical  strike  slip,  the 

vertical  dip  slip,  and  the  45  *  dip  thrust  faults.  Rayleigh  and  Love  waves  for  two  earth 
structures  at  a  range  of  2000  km.  are  shown  in  Figure  6.  The  source  orientations  with 
respect  to  the  receiver  are  specified  by  their  fault  equivalents;  dip  (5),  rake  (X),  and 
.  asimuth  (d).  The  progation  paths  are  for  the  Western  US  (WUS)  and  Central  US  (CUS) 
velocity  and  attenuation  models  determined  by  Herrmann,  Mitchell  and  colleagues  at  Saint 
Louis  University  (Table  1).  The  synthetics  included  a  WWSSN  LP  instrument.  The  failure 
radius  and  source  depth  are  both  0.8  km.  This  radius  corresponds  to  P  and  S  wave  rise 
times  of  0.23  and  0.39  sec  for  the  WUS  models  and  0.16  and  0.28  sec  fra-  the  CUS  model 
respectively.  For  comparison  we  also  show  a  cavity  explosion  with  the  same  source  depth, 
cavity  radius  and  seismic  moment  as  the  tectonic  release  model. 

The  most  obvious  features  seen  in  the  synthetics  are  the  difference  in  period  content 
between  the  two  crust-upper  mantle  models  and  the  poor  excitation  of  the  prestress  field 
orientation  associated  with  vertical  dip  slip  mechanisms.  The  longer  period  Rayleigh  and 
Love  waves  seen  in  the  WUS  model  are  somewhat  due  to  the  longer  source  rise  times  but 
are  primarily  caused  by  the  greater  attenuation  of  that  model.  Although  the  poor  excita¬ 
tion  of  Rayleigh  and  Love  waves  by  a  near  surface  vertical  or  horuontal  dip  slip  point 
dislocation,  which  are  identified  in  the  figure  by  (90  * ,  90  *  ,  90  * )  and  (90  * ,  90  *  ,  0  * ) 
respectively,  and  the  Wu  or  ASt|  moment  tensor  equivalent  can  be  explained  mathemati¬ 
cally  by  their  spectral  amplitude  being  proportional  to  a  stress  eigen-function  which 
approaches  sero  as  source  depth  is  reduced,  this  is  not  a  very  intuitive  explanation.  It 
would  be  instructive  to  be  able  to  explain  the  observation  in  terms  of  the  source  vertical 
radiation  pattern  and  waves  generated  by  the  free  surface.  For  example,  a  frequently  used 
ray  explanation  for  Love  and  tdeseismic  body  waves  is  the  destructive  interference 
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bewtween  the  free  surface  reflected  waves  from  this  shallow  source  and  it’s  downgoing 
radiation. 


Iaorder  to  explore  the  possibility  of  a  more  intuitive  explanation  for  this  near  surface 
effect  on  Rayleigh  waves  and  to  better  understand  the  effect  of  differing  P  and  SV  wave 
time  histories,  we  separated  the  Rayleigh  wave  into  its  contribution  due  to  the  P  and  SV 
wave  separately.  The  resulting  synthetics  for  the  three  tectonic  release  source  orientations 
in  the  two  structures  are  shown  in  Figure  7.  Not  only  do  the  P  and  SV  contributions 
appear  to  be  out  of  phase  for  all  the  mechanisms  but  the  P  wave  contribution  is  larger  for 
all  mechanisms  except  the  vertical  dip  slip  where  it  is  essentially  the  same.  The  P  contri¬ 
bution  for  the  strike  slip  orientation  is  even  larger  than  that  due  to  an  explosion  of  equal 
moment.  This  is  particularly  evident  in  the  CUS  structure.  The  enhancement  of  the  P 
wave  generated  Rayleigh  waves  for  the  strike  slip  over  the  explosion  is  probably  due  to  the 
vertical  radiation  pattern  or  amplitude  variation  over  the  source  wave  front.  This  effect 
should  be  similar  to  that  of  the  interaction  of  wave  front  curvature  with  the  free  surface 
used  to  explain  the  excitation  of  the  Rayleigh  wave  on  a  homogeneous  halfspace. 

As  mentioned  above,  the  Rayleigh  wave  generated  by  the  P  wave  radiation  from  the 
shallow  vertical  dip  slip  fault  model  is  almost  equal  and  opposite  to  the  Rayleigh  wave 
excited  by  the  SV  source  radiation.  Their  individual  amplitudes  are  similar  to  the  vertical 
strike  slip  generated  Rayleigh  waves.  In  order  to  demonstrate  this  analytically,  we  separate 
the  expressions  for  the  vertical  Rayleigh  wave  displacement  due  to  this  mechanism  into  its 
contribution  from  the  P  and  SV  source  radiation.  The  P  and  SV  potentials  from  equa¬ 
tions  (81)  reduce  to 


.  W-nt) 

dwpw8  kg 


tin*,  H?(kKr) 


Subsisting  the  above  individually  into  the  vertical  Rayleigh  displacement  and  recalling  Mr 
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and  Lg  from  aquations  (56),  we  have  for  the  vertical  displacement  excited  by  the  P  source 
potential 

{« 4t  Fi*(A)+  (72*) 

and  the  vertical  displacement  excited  by  the  SV  source  potential 

(*/-2tf)  ]«in*/  rfW)  (72b) 

« 

*  If 

JGf^V)  -  i7(,)(w)  -  Af(w) 

as  in  a  point  double  eouple,  the  sum  of  the  P  wave  and  SV  wave  excited  Rayleigh  waves 
■educes  to  the  usual  expression 

(®.)a  -  ••  y«* (* )  **n  d,  *?W) 

which  approaches  sero  as  the  source  depth,  k  — *0  since  Jr*  (k  )—*0  whereas 

{«.)?’-*  «  kM  Ag  (k'-ikft sind,  J*,W(*j»r) 

and 

{-.JlT0  -  i«  A,  (*/-2*/)  eind,  ttf\kgr) 

*# 

and  their  sum  approaches 

*«  -Ajr  (*;-2*/)su»d/  *,W(**r) 

which  doss  not  vanish  at  aero  source  depth. 

This  surprising  result  for  tectonic  release  models  should  be  considered  only  as  an 
analytic  artifact  since  any  pure  shear  prestress  field  for  this  equivalent  double  couple  orien¬ 
tation,  such  as  rfif  or  t£  where  6  is  in  the  s  direction,  will  be  proportional  to  the  depth 
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below  the  free  surface.  Thus,  although  the  displacement  field  for  this  tectonic  release 
mechanism  is  not  scro  at  the  free  surface  for  a  finite  moment,  it  is  impossible  for  the 
moment  to  be  uniform  and  not  approach  sero  at  shallow  source  depths  in  a  realistic  p res¬ 
tless  model,  h  the  ease  of  the  tectonic  release  models,  the  scpatated  expressions  are  actu¬ 
ally  double  couples  with  P  and  SV  time  histories,  which  differ  primarily  by  their  P  to  SV 
Telocity  ratios  in  spectral  amplitude  and  by  their  respective  velocites  in  time  scale  (Figures 
1-5).  We  use  this  tectonic  release  model  ss  one  way  to  investigate  the  interaction  of  P  and 
SV  generated  Rayleigh  waves. 

The  displacement  expressions  obtained  individually  for  a  P  and  a  SV  source,  equa¬ 
tions  (72),  are  identical  to  those  one  would  obtain  by  separating  the  dispacement  equation 
(09)  into  the  terms  which  contain  A 7V)  and  those  that  contain  MiS\  By  this  means  it  is 
possible  to  separate  the  P  and  SV  source  contributions  for  the  other  orientations  of  tne 
doublle  couple  as  well  as  the  tectonic  release  source  directly  from  equation  (69). 

Similar  conclusions  can  be  reached  for  the  case  of  a  homogeneous  halfspace  using  the 
classical  potential  formulation  where  we  include  P  wave  source  and  SV  wave  source  poten¬ 
tials  separately  and  satisfy  the  boundary  conditions  at  infinity  and  the  free  surface  for 
each  source.  For  the  three  fundamental  faults  defined  by  (j*,X*,d*)  and  the  explosion, 
we  have  for  the  P  and  SV  source  generated  vertical  surface  displacements. 

Ytrtical Strikfc.Slip 


jr 


with 
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4S*  Dip  Thrust:  (45  *  ,90*  ,45  ‘ ) 

{«.>?’  -  *  *s  JjJ&kt-2k*)  J/t  (0)  4*  H^(kMr)  t-W 
<S.>r  -  -«*  *s  {<**/-*/)  F*(°)  ffoW(*s  r)  s"'*  I 


Eh>1o«op  ; 

.  <*.}*'  -  ••  **  4  ^  Fs* (°)  4*  r)  «-^  • 

tt 


where  the  halfspace  Rayleigh  response  is  (Harkrider,1970,  Hsrkrider  sis/.  ,1974,  Hudson 
and  Douglas, 1975) 


*4* 


"TT-T-lfr  -1) 

«*  l 


i  T»  (acg-o8-^)  r 

s'®8  (7  -l)5  / 


,and  the  free  surface  dipticity  is 


y*  (o) 


(7-1)  ,  r0~l 

nr:  (n  -i) 


with 


at»/a 

r.  -  -  1 - J-  and  r,  -  -  1  -  -3- 


These  expressions  agree  with 


the  Raleigh  wave  displacements,  which  one  would  obtain  from  the  P  and  SV  separated 
equation  (69). 


As  the  source  depth,  h,  approaches  sero  and  thus  P,  and  Q,  approach  sero,  an 
inspection  of  the  above  expressions  show  that  the  P  and  SV  contributions  to  the  Rayleigh 
wave  are  of  opposite  sign  for  all  the  orientations  and  of  equal  amplitude  for  the  vertical 
dip  slip.  As  stated  earlier,  this  also  can  be  seen  for  the  more  realistic  earth  models  in  Fig¬ 
ure  7.  Since  the  predicted  reduction  in  Rayleigh  wave  amplitude  as  a  function  of  source 
depth  for  the  vertical  dip  slip  source  orientation  is  caused  by  a  delicate  balance  of  P  and  S 
wave  source  histories,  the  application  of  the  double  couple  model  to  shallow  earthquake 
observations  with  its  inherent  assumption  of  equal  P  and  S  wave  time  histories  should  be 
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done  with  care. 


Near  the  surface  the  stress  eigenfunctions  y  *  ,  Jj*  and  y%  are  proportional  to 
source  depth  and  thus  vanish  as  the  source  approaches  the  free  surface.  All  that  remains  is 
the  y”  or  vertical  displacement  eigenfunction  which  controls  the  source  depth  excitation  of 
Rayleigh  waves  from  a  vertical  point  force.  In  the  excitation  of  Rayleigh  waves,  its  role  is 
similar  to  y  *  or  elliptidty  eigenfunction  which  governs  the  excitation  of  the  horisontal 
point  force,  the  shallow  vertical  dipole  and  explosions.  Thus  as  the  vertical  dip  slip 
oriented  tectonic  release  source  approaches  the  free  surface,  the  noo-vanishing  part  of  the 
Rayleigh  amplitude  wave  can  be  considered  as  the  sum  of  Rayleigh  waves  from  two  verti¬ 
cal  point  forces  of  oppposite  polarity;  one  with  the  P  wave  time  history  and  the  other  with 
the  S  wave  history.  Of  course,  unlike  aximuth&lly  independaent  vertical  point  force  Ray¬ 
leigh  waves,  this  Rayleigh  wave  has  a  sine  dependence  on  sximuth. 

The  spectra  for  the  non  vanishing  Rayleigh  displacement  field  for  the  shallow  tec¬ 
tonic  release  sources  with  a  vertical  dip  slip  orientation  have  a  spectral  minimum  or  hole. 
The  spectral  hole  is  due  to  the  destructive  interference  of  the  P  and  S  wave  generated  Ray¬ 
leigh  waves  and  depends  on  the  differences  in  their  time  functions.  Spectra  for  this 
difference  in  time  functions,  is  shown  in  Figure  8  for  a  P  wave  velovity  of 

8.2  km/sec,  S  wave  velocity  of  3.5  km/sec,  and  a  density  of  2.7  gm/cc  for  our  two  cavity 
tectonic  release  models.  The  cavity  radius  is  0.8  km.  The  P  wave  and  S  wave  moments  are 
both  10®  dyne-cm.  The  low  frequency  asymptote  for  the  exact  supersonic  cavity  release 
model  is 


The  high  frequency  asymptote  for  the  same  model  is 

ST'-  ±-ua  i  [  -p  <*A)  -  £  «p  «**„) 

The  peak  and  tha  overall  shape  of  spectrum  are  controlled  by  the  rise  times  or  corner 
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frequencies  of  the  individual  P  and  S  wave  histories.  The  shift  to  longer  periods  is  propor¬ 
tional  to  the  failure  radius  and  inversely  proportional  to  the  body  velocities.  Increasing 
the  radius  also  increases  the  peak  value  of  this  moment  difference  function  even  if  we  keep 
the  seismic  moments  constant. 

Rayleigh  waves  were  also  calculated  for  the  vertical  dip  slip  orientation  of  the  exact 
supersonic  cavity  release  for  source  depths  of  0.8,  0.4,  0.2  and  0.  km  depths  for  a  variety 
of  cavity  radii  from  10.  to  0.2  km  for  the  WUS  and  CUS  models.  Reducing  the  source 
depth  while  keeping  the  failure  dimensions  finite  should  be  considered  an  analytic  con¬ 
struction  used  only  to  demonstrate  the  point  vertical  dip  slip  double  couple  orientations 
dependence  on  the  difference  in  source  P  and  SV  wave  time  histories  as  the  source 
approaches  the  free  surface.  This  is  parieularly  true  for  this  mechanism  since,  as  discussed 
earlier,  the  prestress  field  necessary  for  this  type  of  mechanism  also  vanishes  as  one 
approaches  the  free  surface.  Even  when  the  source  radius  is  not  larger  than  the  source 
depth,  the  prestress  will  not  be  vertically  uniform  over  the  source  dimensions.  These  were 
compared  with  vertical  dip  slip  point  double  couple  S  wave  rise  times  of  the  tectonic 
release  model  for  all  the  source  depths  except  the  free  surface.  The  synthetics  included  a 
WWSSN  IP  instrument. 

For  the  vertical  strike  slip  and  dip  slip  orientations  of  tectonic  release,  we  measured 
maximum  peak  to  peak  amplitudes  for  various  release  surface  radii  at  sero  source  depth. 
As  the  radius  was  reduced,  the  amplitudes  for  the  dip  slip  mentation  decreased  mocotoni- 
cal).  For  the  strike-slip  model  the  amplitudes  increased  to  a  maximum  value  and  then 
showed  a  slight  decrease  with  smaller  radii  for  both  the  CUS  and  WUS  models.  This 
moderate  maximum  in  the  Rayleigh  wave  values  was  felt  to  be  due  to  the  presence  of  the 
peak  in  the  momemeat-rste  spectra  of  the  P  and  S  waves.  For  rise  times  corresponding  to 
the  release  rise  times,  we  also  measured  amplitudes  for  the  vertical  strike-slip  double  cou¬ 
ple  at  aero  source  depth.  Sinee  the  assumed  double  couple  spectral  history  does  not  have  a 
peak,  deereasing  the  rise  rime  or  increasing  the  comer  frequency  increased  the  amplitude  of 
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the  Rayleigh  wave  for  both  crustal  models  to  point  at  which  it  was  the  same  as  for  a  step 
history.  As  one  might  expect,  this  monotonic  increase  in  amplitude  was  also  observed  for 
the  dip  slip  double  couple  at  the  other  three  source  depths. 

As  the  release  radius  was  reduced  for  the  various  depths,  the  larger  Rayleigh  wave 
amplitudes  approached  that  of  the  double  couple  until  some  minimum  rise  time  of  the  S 
wave  at  which  point  the  double  couple  and  tectonic  release  were  identical  for  smaller  rise 
times.  This  oecuured  at  a  S  wave  rise  time  of  about  0.5  second  for  the  CUS  model  at  a 
*  source  depth  of  0.2  km.  As  expected,  reducing  the  double  couple  source  depths  by  a  factor 
of  2  reduced  the  Rayleigh  wave  amplitude  factors  similarly  for  the  vertical  dip  slip  model. 

In  addition,  as  the  radius  was  decreased  in  the  CUS  model,  there  was  a  minimum 
amplitude  at  intermediate  radii,  which  gave  values  less  than  the  double  couple  at 
corresponding  rise  times.  This  was  present  at  all  depths  below  the  surface.  For  the  WUS 
model,  the  tectonic  release  values  were  larger  for  all  radii  and  rise  times.  This  minimum  in 
amplitude  was  associated  with  a  spectral  hole  present  only  in  the  tectonic  release  models 
, which  was  expected  because  of  the  difference  in  P  and  SV  source  time  functions. 

A  more  complete  study  of  these  effects  would  require  many  different  source  and  pro¬ 
pagation  elastic  structures  and  is  beyond  the  scope  of  this  paper.  Although  a  convenient 
way  to  approximate  the  effect  of  differening  shot  point  velocities  and  source  dimensions  is 
to  run  a  suite  of  double  eouple  time  history  calculations  for  the  P  and  SV  sources 
separately  and  then  sum  the  different  combinations.  This  would  also  allow  one  to 
efficiently  check  the  range  of  source  dimensions  and  shot  point  conditions  for  which  the 
double  couple  is  a  valid  approximation  to  tectonic  release. 
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Appendix  A 


In  this  Appendix,  we  drop  the  double  ber  superscript  notation  in  equations  (37) 
through  (38s)  sad  rewrite  as 

8*  . 


-TT+TT-W  —  «’>-{<* 


and 


v  t*  l  »*  «* 


In  terms  of  cylindrical  coordinate  derivatives 

khp- 


*  8r  ~  r  8+  ~  *  8r 


ooe4>  #*1 
r  88 


where  the  cartesian  potential  integrands  are 

*  -  iJJ  [  cos  m#  +  Dm^  tin  m  8  ]/.  F, 

♦  »  ij)  [  C®  cos  m8  +  D ®  sin  m8  1  Jm  Fm 

*  a-0  1  1 


or 


|  |  cj?  coed  cos  m8  +  D®  cos#  sin  m#  -  C^*  sin  8  cos  m#  —  sin 8  sin  m8 

c.eid.#  +  «*  -  B"«.*  ~  »0  ]-»4=-  }*> 


and 


Vm 


4(kr) 


m  1/2  Me— I  —  •^e-fl) 


then 


2k Xp- ,j  £  [C-1  cc«(m-l )4  +  D®  bd(>»  — 1)^  +  C™  «n(m-l#  -  S£]  eoe(m-l)*  ] 
Jm—i  +  [  -C™  eoe(m+l)*  -  D®  ®n(m+l)^  +  c£]  «n(m+l)^  -  D®  eoe(m  + 1)*  j  J'.+i  If, 


Collecting  and  identifying  with 

*£  (  F*  «*•«#  +  F.  ain  *"#)/«  Ffi 

m*C 

We  have  the  following  recurrence  relation 

2*  £.  -  (5i2it  -  c«Lt)  -  pi'l.  +  5i'L,) 

2*  F„  -  (cil)+1  +  ci'L)  +  (D{X  -  30U) 

where  and  are  lero  for  m  >  n  and  m  <  0  and 

C?  -  5'°  and  Ci°  - 


and 


F. 


-0 


As  an  example  when  n»8,  we  have 


1  <  m  <  n 


2k  E.-C^-  A(0 
2*  E ,  -  C&3)  -  A(0  -  2Ci2) 

2*  f,  -  ^8)  -  A(1)  -  of8)  -  A(1) 

2*  f ,  -  cf5  -  e!0  -  cf1  -  rjl) 
-  ^9)  -  ril>  -  ^ 

2k  Et  -  -  Cf5-  A10 

2*  St'1 


2*  F,  «  0 

21  F,  -  ql0  +  A(2)  +  2Ci° 

2k  Ft  -  A(>)  +  S9)  +  Cfl>  -  AW 

2*  ft  -  cj0  +  E4(9)  +  c£°  -  a!2) 
21  F4  -  A(,)  +  fi9)  +  2?*  -  At2) 
2*  F»-  +  ci°  -  AW 

2*  Ft  -  +  cf- 


157 


Appendix  B 


Okiiatlu  and  cylindrical  multiple  coefficient*  for  quadruple  eoureee  of  arbi- 


orientation. 


Comparing  Harkrider  (1076)  equations  (AS)  with  this  paper's  equations  (S3),  we 
obtain  the  Cartesian  coefficients: 

As>--K,K?  sin  X  sin  25 


A  a  <-  —  Km  eosX  cos  5 
3 


Bn  ■  -7  Ko  k£  mn  \  coe2 6 
3 


A  22  —  Ko  k£  sin  X  sin  25 

o 


Ba  -  — r  K,  k*  coeX  sin 5 
3 


eg  sin X  eoe25 


c£]  coeX  sin 5 


Da?  —  -y  Kf  kj  sin  X  sin  25 


I>2u^  ”  ~  cos  X  cos  5 


£7®“iT*'*/“Xe061 


eff  eosX  cos  5 


eg  k*  sin  X  sin  25 


eg  -  Kp  1/  cos  X  cos  5 
Cj?  -  K0  kf  sin  X  cos  25 


Dg  ■»  -y  Kf  k£  cos  X  sin  5 


^  "  jJ**  V  sin  X  cos  25 


Dj?  coeX  cos 5 


j  nn 


<?£’  »  — —  Kj  kj  cos  X  sin  5 


The  resultant  cylindrical  coefficient*  using  Appendix  A  are 
dj  «  — yr  (*a  +  2^0*)  sin  X  sin  25 


A*  —  — yx  #Q,  k*  sin  X  sin  25 


--p-  A;**eosXsin6 


_ #  2 

Aj  — — — r  Kakva cos X  cos 5 


B\  -  eoe2<5 

*o 
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Appendix  C 


The  definition  of  the  second  order  seismic  moment  tensor  is 

%(*,0 


*(*.») — 

where  the  eomms  denotes  differentiation  with  respect  to  the  observer  coodinates,  *,  rather 
than  the  source  coordinates,  (. 

Now 

{******  +  *'  ^  } 

Now  from  Harkrider  (1976),  equations(32)  and  (S3),  we  have  that 

*_  I  6*< 

k2  *« 

nod 


o. 


*  ■  JT  Q*>* 


rid 

and  since 

7?A'~-*A'  «d  *r-*-A,.1JL-At 

we  have 
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i5  1  ..  »*  . 


~7^7  \>t"'£?*a'‘'£f+>iu'&t+3U'>-a7&; 
+  sw“  7^77  *  *®“  7^7 

From  Erdflyi  (1637) 

A fl*.*)P-(eotf)efa'-  ,*-(!>,)-  Pj«)(*/a*t,)  $(*,*) 
where  the  differential  operator  Z>,  ia  u 


i  (A  +  {dx2 ) 


Combining  equation  (Cl)  with 


A,  --»  A,  H&kvR) 


We  have 


■£?"  "*T  {  ®{kvR)  ~  J 

3f)i  "  *  *J~  |  +  iflf(W?)  («•#)  -  i  P/(eoe#)  eoa2d  j  j 

Tf^T  "  '  T  {  +  *?(***)  [^(«^)  +  J  F/(eoe#)  co*2d  J  J 

7^7 
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dx.da 


•-•■7-  («»*) 


ifxydxl  ""'  T  )P*  (C°^) 

Comparing  with  the  definition  of  the  cartesian  multipole  coefficients  we  have 

1  k*  -  -  - 

Ago  “  _  4y^j2  *  ”5”  +  ^**) 


"4*”*'4^7  ‘X  (A/“  +  A/a”2A/») 

jt“  “  +  *^7  *  7T 

*•-  +  7^7  •' £  <"'■ - "»> 


Bj' "  +'i^7  "T  2A,“ 
*■"  +T^7  ‘  T 


*  17  S 

*0*  G+,ti 


G*'i  “  4^7  {5^7  *5*7 "A°)+ **  *IV a> } 

Operating  with  ,  the  first  term  is  aero  since  it  is  symmetric  in  (jX)  and 

**  ***  "  7^7  *<* 


which  yields 
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(Mu  -  Ma)  +  Ma 


[_5L_ 

a9 

l«*.9 

_L 

'*  P 

f_£L 

l«*.9 

«*i9 

,  r?  d*  j7  d2 

+  Mia  la — a - "a  — — -  - 

Bxjdxx  6x\9x 


S^T  }A> 


« 


+  B“  j£i;  ~  B«  x5ir  }A> 


Comparing  as  before  we  have 

°mil)  “  “  8^7  *'  V 

°”"1  “  “  Tt*?  4*- 


D“w  _  ~  ' 4" ,w”  ”  w**> 


H  - 


"+*£y  4  <*■'-*“>  D“"-  +  ?^r  4S“ 

-si?  4*« 


<v> 


c.«- - ^  f  3-Mlt 


l  .  */  — 

«^7 ' 6 


C.W-0 


1  .  *-• 


f  a-j?. 


<?««-  + 

<V>-  +  8^7  •'*£"»« 


lr#u*  S 


D“m~i£?  4*» 

■  ■  i^7  4<ff*'-ff») 


(C3) 
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The  malting  cylindrical  coefficients  using  Appendix  A  are 


j  [ k\Mn  +  A/»)  +  2MM  -  **)  ] 

«■  4-  *«***» 

Bi-  +  — 2fki>aMx 
inpur 

<*«  "  ♦  4ir^*  y  -  l?ii) 

Cj#)  -  0 

0P’~ 

DP'-+4W  “P'M" 

and 

*i-- 


4vp<**  * 


P  •'  “  *#  )  w 


^a"*+  ~%*p?  ^s  “  +  iitpj* 


where 


(C4) 


c  m  */n(z— A) 

Thus  coefficients  involving  <  are  odd  and  the  other  coefficients  are  even  in  the  sense  of 
equatioos(43). 
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TABLE  1 


Western  United  State*  Model  (WUS) 

USSR 

PSI 

B 

Qf 

2.0 

3.85 

2.06 

2.20 

170. 

85. 

2.0 

8.15 

1.27 

2.78 

300. 

150. 

18.0 

6.15 

8.57 

2.78 

300. 

150. 

8.0 

6.70 

8.83 

2.87 

1000. 

500. 

6.0 

6.70 

3.73 

2.87 

1000. 

500. 

0.0 

7.80 

4.41 

3.85 

2000. 

1000. 

Central  United  State*  Model  (CUS) 


Thickness 

(km) 

a 

(km/sec) 

mu 

B 

1.0 

5.00 

2.88 

2.5 

600. 

300. 

8.0 

6.10 

3.52 

2.7 

600. 

300. 

10.0 

6.40 

3.70 

2.8 

600. 

300. 

20.0 

6.70 

3.87 

3.0 

4000. 

2000. 

0.0 

8.15 

4.70 

3.4 

4000. 

2000. 

165 


DISPLACEMENT 

RADIAL  TANGENTIAL 


(0) 

IV 

(d) 
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J 

_ 

(0 

(f) 

(V _ 

Figure  1.  Far-field  radial  (P)  and  tangential  (S)  displacement  time  histories 
for  the  exact  tectonic  cavity  release  (Fig.  la  and  Id),  for  the 
Randal 1-Archambeau  approximate  cavity  release  (Pig.  lb  and  le),  and 
for  the  i^-square’  double  couple  model  (Fig.  lc  and  If). 


VELOCITY 

RADIAL  TANGENTIAL 


(0) 

\r~ 

'i 

, 

I 

Figure  2. 


{V  Snd  tanBentlal  (S)  velocity  ti«e  histories  101  the 
lltlLl  l  ^avlty/elease  <Pi8-  2a  and  2d),  for  the  Randal 1-Archambeau 

25fr2ics2r  2r:1:nade2of8* 2b  and  2e)* and  for  the  ^-square’ doubie 


* 


DISPLACEMENT 


Figure  3.  Far-field  radial  (P)  and  tangential  (S)  displacement  time  histories  for  the 

exact  tectonic  cavity  release  (solid  line)  superimposed  on  the  Randall-Archambeau 
approximate  cavity  release  (dashed  line) (Fig.  3a  and  3d),  for  the  exact 
tectonic  cavity  release  (solid  line)  superimposed  on  the  V-square'  double 
couple  model  (dashed  line) (Fig.  3b  and  3e),  and  for  the  Randall-Archambeau 
approximate  cavity  release  (solid  line)  superimposed  on  the  \J/-square'  double 
couple  model  (dashed  line) (Fig.  3c  and  3f). 
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i 


Figure  4.  Far-field  rai 
step  pressur 
tectonic  cav 
histories  sui 


RADIAL 


Hal  (P)  displacement  and  velocity  time  histories  for  the 
on  a  cavity  expiosion  (Fig.  4a  and  4d) ,  for  the  exact 
y  release  (Pig.  4b  and  4e) ,  and  the  two  sources  time 
>erimposed  (Fig.  4c  and  4f). 
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% 


Figure  6.  Vertical  Rayleigh  and  horizontal  Love  waves  at  a  range  of  2000  km 
as  observed  on  a  WWSSN  LP  seismograph. 
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FREQUENCY 


Figure  8.  Spectral  difference  between  P  and  S  wave  moments  for  the  exact  supersonic 
cavity  release  and  the  approximate  Randall-Archambeau  equivalent.  The 
arrows  mark  the  P  and  S  corner  frequencies. 
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